Investigation of optical wireless for employment within a vehicular environment by Mutalip, Zaiton Abdul
 warwick.ac.uk/lib-publications  
 
 
 
 
 
 
A Thesis Submitted for the Degree of PhD at the University of Warwick 
 
Permanent WRAP URL: 
http://wrap.warwick.ac.uk/id/eprint/87258 
 
Copyright and reuse:                     
This thesis is made available online and is protected by original copyright.  
Please scroll down to view the document itself.  
Please refer to the repository record for this item for information to help you to cite it. 
Our policy information is available from the repository home page.  
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Investigation of optical wireless for employment 
within a vehicular environment 
 
Zaiton Abdul Mutalip 
 
 
 
 
 
A thesis presented for the degree of 
  
Doctor of Philosophy 
 
 
School of Engineering 
 
March 2016
 
  
 
 
 
 
 
 
 
 
 
To my family, for their unconditional support  
 
 
 
 
 
 
 
 i 
 
Table of Contents 
 
Table of Contents .................................................................................................... i 
List of figures ........................................................................................................ vi 
List of tables ............................................................................................................x 
 Acronyms ........................................................................................................... xiii 
Acknowledgements ............................................................................................... xv 
Declaration ...........................................................................................................xvi 
Abstract .............................................................................................................. xvii 
Publications associated with this research work.................................................. xx 
Chapter 1 : Introduction .....................................................................................1 
1.1 General overview ........................................................................................1 
1.2 Motivation ..................................................................................................3 
1.3 Contribution to knowledge ..........................................................................4 
1.4 Outline of the thesis ....................................................................................5 
Chapter 2 : Background Research and Related Work ......................................7 
 ii 
 
2.1 Introduction ................................................................................................7 
2.2 Overview of Optical Wireless Communication Systems..............................7 
2.2.1 Optical Wireless Mathematical Model .................................................8 
2.2.2 Optical Wireless Channel Model .........................................................8 
2.2.3 Optical Wireless configurations ......................................................... 12 
2.2.4 Modulation Format ............................................................................ 13 
2.3 Overview of Automotive Network ............................................................ 16 
2.4 Wired Intra Vehicle Communication Networks ......................................... 18 
2.4.1 Controller Area Network (CAN) ........................................................ 20 
2.4.2 Time-triggered CAN (TTCAN) ......................................................... 20 
2.4.3 Local Interconnect Network (LIN) ..................................................... 20 
2.4.4 Time-Triggered Protocol (TTP) ......................................................... 21 
2.4.5 Byteflight .......................................................................................... 21 
2.4.6 FlexRay ............................................................................................. 21 
2.4.7 MOST ............................................................................................... 22 
2.4.8 IDB-1394 .......................................................................................... 22 
2.5 Wireless Intra Vehicle Communication Networks ..................................... 22 
2.5.1 Wi-Fi ................................................................................................. 23 
2.5.2 Bluetooth ........................................................................................... 24 
2.5.3 Ultra-Wideband (UWB)..................................................................... 24 
2.5.4 ZigBee ............................................................................................... 25 
 iii 
 
2.5.5 Radio-Frequency IDentification (RFID) ............................................ 25 
2.5.6 Optical Wireless ................................................................................ 25 
2.6 Common Wireless Intra Vehicle Network Requirements .......................... 26 
2.6.1 Bandwidth Requirements ................................................................... 27 
2.7 OW in Intra Vehicle Environment............................................................. 28 
2.8 Issues and Design Challenges ................................................................... 29 
2.9 Conclusion................................................................................................ 30 
Chapter 3 : Transmitter and Receiver Design ................................................. 32 
3.1 Introduction .............................................................................................. 32 
3.2 The basic system ....................................................................................... 32 
3.2.1 The basic system requirement ............................................................ 33 
3.3 Optical wireless transmitter and receiver design ........................................ 33 
3.3.1 Optical source .................................................................................... 33 
3.3.2 Optical detector ................................................................................. 35 
3.3.3 Bandwidth calculation ....................................................................... 35 
3.3.4 Infrared LED driver ........................................................................... 39 
3.3.5 Pre-emphasis ..................................................................................... 42 
3.3.6 Front-end ........................................................................................... 44 
3.4 Precautions ............................................................................................... 48 
3.5 Performance study of the system designed ................................................ 48 
3.6 System Noise Analysis ............................................................................. 50 
 iv 
 
3.7 Conclusion................................................................................................ 52 
Chapter 4 : Channel Characterization – Line-of-Sight Transmission ............ 54 
4.1 Introduction .............................................................................................. 54 
4.2 Ideal LOS link .......................................................................................... 55 
4.3 The tubes .................................................................................................. 58 
4.4 Channel measurement setup ...................................................................... 61 
4.5 Channel characterisation by measurements ............................................... 61 
4.5.1 Divergence angle ............................................................................... 61 
4.5.2 Frequency response ........................................................................... 63 
4.5.3 Optical power .................................................................................... 68 
4.6 Conclusions .............................................................................................. 78 
Chapter 5 : Channel Characterization – Non Line-of-Sight Transmission .... 80 
5.1 Introduction .............................................................................................. 80 
5.2 NLOS Channel model ............................................................................... 81 
5.3 Reflection characteristics .......................................................................... 81 
5.4 Received power ........................................................................................ 82 
5.5 Straight tubes ............................................................................................ 82 
5.5.1 Received optical power at different transmission angles ..................... 83 
5.5.2 Path loss ............................................................................................ 85 
5.6 Bend tube measurements .......................................................................... 87 
5.6.1 Plastic tubes ....................................................................................... 90 
 v 
 
5.6.2 Metal tubes ........................................................................................ 95 
5.7 Conclusions ............................................................................................ 111 
Chapter 6 : Digital System Transmission – a prototype ................................ 113 
6.1 Introduction ............................................................................................ 113 
6.2 Methodology .......................................................................................... 114 
6.3 Eye pattern ............................................................................................. 119 
6.3.1 SNR................................................................................................. 141 
6.3.2 Relationship between SNR, Q-factor and BER ................................ 143 
6.4 Conclusion.............................................................................................. 149 
Chapter 7 : Conclusions and future work ...................................................... 151 
7.1 Summary of the work ............................................................................. 151 
7.2 Improvements and suggestions for further work ...................................... 155 
References ........................................................................................................... 157 
Appendix A ......................................................................................................... 167 
Appendix B .......................................................................................................... 169 
Appendix C ......................................................................................................... 184 
 vi 
 
List of figures 
Figure 2-1  OW communication system ....................................................................8 
Figure 2-2  Lambertian reflection pattern [19] ...........................................................9 
Figure 2-3  Typical Phong’s reflection pattern [19] ................................................. 10 
Figure 2-4 OW link configurations [39] .................................................................. 13 
Figure 2-5 Embedded Automotive Subsystems ....................................................... 17 
Figure 2-6 Intra-vehicle networks ........................................................................... 19 
Figure 2-7 Common In-vehicle Network Protocols [56] .......................................... 20 
Figure 3-1 OW communication system ................................................................... 33 
Figure 3-2 Fundamental transmitter ........................................................................ 36 
Figure 3-3 Fundamental receiver ............................................................................. 37 
Figure 3-4 SFH205F CV characteristic ................................................................... 38 
Figure 3-5 Relative response of VISHAY VSLY5850 ............................................ 39 
Figure 3-6 Analogue drive circuit ........................................................................... 40 
Figure 3-7 Darlington IRLED driver ....................................................................... 41 
Figure 3-8 Darlington IRLED driver normalised response ...................................... 42 
 vii 
 
Figure 3-9 IRLED transmitter with pre-emphasis .................................................... 43 
Figure 3-10 Normalised response of the system ...................................................... 44 
Figure 3-11 High-impedance front-end receiver with amplifier ............................... 47 
Figure 3-12 Waveforms of the test signal ................................................................ 49 
Figure 3-13 Optical power intensity at a distance .................................................... 50 
Figure 4-1 LOS link model [94] .............................................................................. 55 
Figure 4-2 Vertical assessment scenarios ................................................................ 57 
Figure 4-3 Representative tubes .............................................................................. 58 
Figure 4-4 Reflection coefficient measurement setup .............................................. 60 
Figure 4-5 Channel measurement experimental setup .............................................. 61 
Figure 4-6 Divergence angle ................................................................................... 62 
Figure 4-7 Determination of the number of reflections in a straight tube. ................ 62 
Figure 4-8 Circular cardboard tube normalised response ......................................... 64 
Figure 4-9 Circular plastic tube normalised response .............................................. 64 
Figure 4-10 Circular mild steel tube normalised response ....................................... 64 
Figure 4-11 Square aluminium tube normalised response ........................................ 65 
Figure 4-12 Square aluminium tube normalised response ........................................ 65 
Figure 4-13 Circular aluminium tube normalised response ...................................... 65 
Figure 4-14 Circular galvanised aluminium tube normalised response .................... 66 
Figure 4-15 Square mild steel tube normalised response ......................................... 66 
Figure 4-16 Free space normalised response ........................................................... 66 
 viii 
 
Figure 4-17 Normalised response at 0.5 metre range ............................................... 69 
Figure 4-18 Normalised response at 1 metre range .................................................. 70 
Figure 4-19 Radiometric output power for different IRLED forward currents. ........ 71 
Figure 4-20 Photometric output power for different IRLED forward currents. ......... 71 
Figure 4-21 Received optical power plotted against separation distance. ................. 73 
Figure 4-22 Received optical power plotted against tube diameter at 0.5 metre and 1 
metre range. ............................................................................................................ 75 
Figure 4-23 Received optical power plotted against reflection coefficient at 0.5 metre 
and 1 metre range. ................................................................................................... 76 
Figure 4-24 LOS path loss at different separation distances ..................................... 77 
Figure 5-1 Transmitter and receiver orientation experimental setup. ........................ 83 
Figure 5-2 Received power at different angles (0.5 metre distance). ........................ 84 
Figure 5-3 Received power at different angles (1 metre distance). ........................... 84 
Figure 5-4 Path loss at different angle (0.5 metre distance). .................................... 85 
Figure 5-5 Path loss at different angle (1 metre distance). ....................................... 86 
Figure 5-6 Array of four IrLEDs arrangement. ........................................................ 88 
Figure 5-7 Frequency response of array IrLEDs transmitter .................................... 88 
Figure 5-8 Array of four IrLEDs transmitter circuit ................................................. 89 
Figure 5-9 Experimental materials bent through different angles – Plastic. .............. 90 
Figure 5-10 Normalised response of plastic tube. .................................................... 91 
Figure 5-11 Waveforms of B1 ................................................................................. 92 
 ix 
 
Figure 5-12 Waveforms of B2. ................................................................................ 92 
Figure 5-13 Waveforms of B3. ................................................................................ 93 
Figure 5-14 Waveforms of B4. ................................................................................ 93 
Figure 5-15 Experimental setup for identifying best angle selection. ....................... 95 
Figure 5-16 Waveforms of best angle selection. ...................................................... 96 
Figure 5-17 Determination of the number of reflections in 20 mm bent tube. .......... 98 
Figure 5-18 Circular mild steel tube captured waveform at 30° bend ....................... 99 
Figure 5-19 Received optical power plotted against number of reflections. ........... 108 
Figure 5-20 Signal to noise ratio (measured using power meter). .......................... 109 
Figure 5-21 Signal to noise ratio (measured using photo meter). ........................... 109 
Figure 5-22 Calculated path loss (based on measurement using power meter) ....... 110 
Figure 5-23 Calculated path loss (based on measurement using photo meter) ........ 110 
Figure 6-1 Pulse waveform at the oscillator input, and the system output. ............. 115 
Figure 6-2 Pulse waveform at the receiver output. ................................................. 116 
Figure 6-3 SNR at the receiver at different frequency. ........................................... 142 
Figure 6-4 relationship between BER and Q-factor. .............................................. 145 
Figure 6-5 relationship between BER and SNR. .................................................... 146 
 x 
 
List of tables 
Table 2-1 Main properties of OW configurations [42] ............................................ 13 
Table 2-2 Comparison between PPM, DPPM and DPIM [50] ................................. 15 
Table 2-3 Common wireless network drawbacks .................................................... 27 
Table 2-4 Network bandwidth requirements ............................................................ 28 
Table 3-1 Technical features of optical sources and detectors. ................................. 35 
Table 4-1 experimental materials ............................................................................ 59 
Table 4-2 power loss ............................................................................................... 63 
Table 5-1 Received optical power for plastic tubes. ................................................. 94 
Table 5-2 Consequent path loss for plastic tubes. .................................................... 94 
Table 5-3 Experimental metal tube bends ................................................................ 97 
Table 5-4 Estimation number of reflections in bent tubes ........................................ 98 
Table 5-5 Square aluminium tube normalised response and waveforms ................ 100 
Table 5-6 Square aluminium tube normalised response and waveforms ................ 102 
Table 5-7 Circular aluminium tube normalised response and waveforms............... 104 
Table 5-8 Circular galvanised aluminium normalised response and waveforms ..... 106 
 xi 
 
Table 6-1 Transmitted and received pulse with eye pattern at different frequency . 118 
Table 6-2 Free space transmission: back-to-back - transmitted and received pulse with 
eye pattern at different frequency .......................................................................... 120 
Table 6-3 Free space transmission: 1 metre distance - transmitted and received pulse 
with eye pattern at different frequency .................................................................. 121 
Table 6-4 Transmission within 35mm circular mild steel tube at 30° bend - transmitted 
and received pulse with eye pattern at different frequency ..................................... 123 
Table 6-5 Transmission within 35mm circular mild steel tube at 45° bend - transmitted 
and received pulse with eye pattern at different frequency ..................................... 124 
Table 6-6 Transmission within 35mm circular mild steel tube at 60° bend - transmitted 
and received pulse with eye pattern at different frequency ..................................... 125 
Table 6-7 Transmission within 40 mm square aluminium tube at 30° bend - transmitted 
and received pulse with eye pattern at different frequency ..................................... 126 
Table 6-8 Transmission within 40 mm square aluminium tube at 45° bend - transmitted 
and received pulse with eye pattern at different frequency ..................................... 127 
Table 6-9 Transmission within 40 mm square aluminium tube at 60° bend - transmitted 
and received pulse with eye pattern at different frequency ..................................... 128 
Table 6-10 Transmission within 20 mm square aluminium tube at 30° bend - 
transmitted and received pulse with eye pattern at different frequency .................. 129 
Table 6-11 Transmission within 20 mm square aluminium tube at 45° bend - 
transmitted and received pulse with eye pattern at different frequency .................. 130 
Table 6-12 Transmission within 20 mm square aluminium tube at 60° bend - 
transmitted and received pulse with eye pattern at different frequency .................. 131 
 xii 
 
Table 6-13 Transmission within 20 mm circular aluminium tube at 30° bend - 
transmitted and received pulse with eye pattern at different frequency .................. 132 
Table 6-14 Transmission within 20 mm circular aluminium tube at 45° bend - 
transmitted and received pulse with eye pattern at different frequency .................. 133 
Table 6-15 Transmission within 20 mm circular aluminium tube at 60° bend - 
transmitted and received pulse with eye pattern at different frequency .................. 134 
Table 6-16 Transmission within 35 mm circular galvanised aluminium tube ......... 135 
Table 6-17 Transmission within 35 mm circular galvanised aluminium tube ......... 136 
Table 6-18 Transmission within 35 mm circular galvanised aluminium tube ......... 137 
Table 6-19 Transmission within 40 mm square mild steel tube .............................. 138 
Table 6-20 Transmission within 40 mm square mild steel tube .............................. 139 
Table 6-21 Transmission within 40 mm square mild steel tube .............................. 140 
Table 6-22 performance summary ......................................................................... 147 
 xiii 
 
 Acronyms 
CAN Controller Area Network 
DD/IM Direct Detection / Intensity Modulation 
DH-PIM Double-Pulse Interval Modulation 
DPIM Digital Pulse Interval Modulation 
DPPM Differential Pulse-Position Modulation 
ECU Electronics Control Unit 
EM Electromagnetic  
FM  Frequency Modulation 
FOV Field of View 
IrDA Infrared Data Association 
IRLED Infrared Light Emitting Diode 
LAN Local Area Network 
LED Light Emitting Diode 
LIN Local Interconnect Network 
LOS Line of Sight 
MAC Medium Access Control  
MOST  Media Oriented Systems Transport 
MSM Multiple-Subcarrier Modulation 
NLOS Non Line of Sight 
OOK On Off Keying 
SNR Optical Signal to Noise Ratio 
OW Optical Wireless 
OWC Optical Wireless Communication 
 xiv 
 
PM Pulse Modulation 
PPM Pulse Position Modulation 
RF Radio Frequency 
RFID Radio-Frequency Identification 
RMS Root Mean Square 
RZ Return to Zero 
SNR Signal to Noise Ratio 
SSM Single-Subcarrier Modulation  
TDMA Time Division Multiple Access  
TTP Time-Triggered Protocol  
TTCAN Time-Triggered CAN 
UWB Ultra-Wide Band 
V2I Vehicle-to-Infrastructure 
V2V Vehicle-to-Vehicle 
 
 xv 
 
Acknowledgements 
First of all, I thank Allah, for giving me knowledge and strength to complete this PhD 
thesis. The completion of the thesis would not be possible without the support and 
encouragement of many individuals. I thank all the people who have supported me 
throughout my PhD course. 
I am very grateful to the Ministry of Higher Education of Malaysia (MOHE) and 
Universiti Teknikal Malaysia Melaka, Malaysia (UTeM) for providing me with a 
scholarship.  I would not have completed a PhD without this financial assistance.  I 
wish to express my gratitude to The University of Warwick for the facilities for this 
research. 
I would like to extend my sincere thanks my research advisor, Professor Roger J. 
Green, Dr Mark S. Leeson and Dr Matthew Higgins for their guidance, ideas patient 
advising, understanding and continuous support.     
In addition, I wish to thank the secretaries and technical assistants in the engineering 
department, for assisting me in many different ways. Kerrie, Ian, Will and Huw 
deserve special mention. 
Last but not least, without my family’s endless love, this quality research work would 
not be possible. Thanks for the ‘dua’, love, patience, and encouragement.  
 xvi 
 
Declaration 
This thesis is submitted in partial fulfilment for the degree of Doctor of Philosophy 
under the regulations set out by the Graduate School at the University of Warwick.  
This thesis is solely composed of research completed by ZAITON ABDUL 
MUTALIP, except where stated, under the supervision of Professor Roger J. Green, 
Dr Mark S. Leeson and Dr Matthew Higgins, between the dates of January 2012 and 
March 2016. No part of this thesis has been previously submitted to the University of 
Warwick or any other academic institution for admission to a higher degree. 
 
Zaiton Abdul Mutalip  
March 2016 
 
 
 
 xvii 
 
Abstract 
The substantial increase in powerful electronic systems and functions has produced 
significant implications for the vehicular industry, where the amount of wiring 
infrastructure has increased the vehicle weight, weakened performance, and made 
adherence to reliability standards difficult. Eventually, connecting the electronics 
infrastructure was mostly complicated and costly in vehicular domain systems.  Thus, 
little research has been conducted to explore appropriate wireless technologies that 
may be suitable with the emerging network standard within the context of vehicular 
networks. 
This thesis describes an in-depth investigation of deploying an optical wireless 
communication system within the vehicular environment, particularly in confined 
spaces.  A wide variety of measurements has been performed using tubes of various 
materials and geometries, in a laboratory setup.  The principle objective is to provide 
a primary knowledge of optical wireless channel characterization within a laboratory 
vehicular setting.  The work presented is a study on directed line-of-sight (LOS) and 
non-LOS (NLOS) links, and focuses on frequency response, power efficiencies, and 
path losses in different experimental settings.  Further, a variety of experimental 
settings was used in respect to different receiver/transmitter orientations and various 
bent tubes angles in order to investigate the channel conditions. The noise analysis, 
 xviii 
 
SNR, path loss and the eye pattern for the digital system prototype designed were also 
analysed. 
The system requirement for the LOS link were based on the transmission of the 
sinusoidal signal at a distance of 1 m with 13 MHz signal and approximately 15.6 dB 
SNR.  Successful demonstration of the OWC within smaller size and high reflection 
coefficient material are promising. In addition to good transmitter and high sensitivity 
receiver. 
The NLOS link also demonstrated a good indication, both in straight tube with angled 
transmitter/receiver orientation and bend tubes.  Detail studies on NLOS link with 
pulse signal transmission, which replicates a digital system transmission with 54.48 
mW or 44.58 mW/cm2 output power,6 MHz signal transmission with the aim of 10-4 
to 10-6 BER.  Although, the operational functionality of digital system has successfully 
demonstrated, however achieving the desired BER is a bit difficult with the designed 
system.  Further improvement on the highly sensitive receiver design, a proper 
modulation scheme is required in order to improve the quality of the transmitted signal 
in terms of SNR and BER. 
The study also suggested that the transmission within the metal tubes is better than in 
plastic tubes in addition to minimum bend angle, smaller tube diameter and high 
reflective coefficient.  Transmission within 20 mm circular aluminium tube and 35 
mm galvanised aluminium tube are the best so far. 
Finally, based on the initial viability results, it was seen that it is possible to implement 
an optical wireless communication infrastructure within the vehicular environment.  
Experimental validation of the system proposed shows that achieving high data rates 
is not a problem with the use of high brightness, high power LEDs as this system is 
 xix 
 
going to be implemented within the vehicle chassis, thus the eye safety constraints 
should not be a limiting factor.  Therefore, in this study, optical wireless transmission 
within the vehicular environment is proposed, solving the problems of vehicular 
networking systems.   
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Chapter 1 : Introduction  
1.1 General overview  
Automotive manufacturers constantly explore, improve and develop advanced 
inventions to satisfy buyers' requirements, and rigid regulation in terms of 
performance, safety, fuel utilization proficiency, and more latterly ecological 
regulations.  In parallel, rapid advances in execution and reliability of electronic 
embedded frameworks has emerged in the course of recent decades. Such execution 
and dependability empowers manufacturers to actualize complex vehicle control 
frameworks, which they are trying to accomplish by the utilization of out-dated 
mechanical control frameworks. Progress in suitable electronic control frameworks is 
being used to help drivers control decisively the vehicle through capacities, for 
example, steering, traction, stability, braking, suspension, or motor control [1][2][3]. 
Consequently, a vehicle consists of numerous numbers of circuits, sensors, and many 
other electrical components. Thus, communication is necessary amongst these circuits 
and functions of the vehicle.  If all of the electrical devices, sensors, switches and 
motors in the vehicle are gathered together, the resulting quantity of cabling and 
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networks is large.  Thus, networking provides a more effective method for complex 
in-vehicle communications.  An in-vehicle communication system is an electronic 
network that interconnects all electrical and electronic components inside the vehicle. 
The advancement of electronic systems has significant implications for automotive 
engineering.  Previously, one particular electronic element was connected to another 
by single, point-to-point wiring.  As the electronic content increased, the wiring 
increased, resulting in the increase of the vehicle weight, weakened performance, 
increased fuel consumption, and it has become harder to achieve the reliability 
standards required, as a result [1][2][3].  Several standards have been initiated by the 
Society of Automobile Engineers (SAE), International Standards Organization and 
International Electrotechnical Commission (ISO/IEC). These were developed for 
vehicular communication and protocols requirements and may be referred to by the 
interested reader [4][5]  
In automotive communications, two areas that are getting considerable attention are 
the protocols and technologies that support x-by-wire applications, such as, for 
example, Flexray, and the protocols and technologies intended for telematics and 
wireless applications.  X-by-wire is a technology that has replaced conventional 
mechanical connections with the use of electrical or electro-mechanical systems to 
execute vehicle functions.  Automotive telematics is defined as any wireless 
information or communications service involved in a vehicle.  There are several 
applications aggressively pushing for the usage of wireless communications in 
automotive systems, for both for inter- and for intra-vehicle communications [6][7].    
References [6] and [8] presented the most commonly-used wireless protocols for inter-
/intra-vehicle communications, namely Bluetooth, ZigBee, UWB, Wi-Fi and Wi-Max.  
These wireless networks behave differently under different conditions and are 
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evaluated by the performance and reliability of the protocols.  All the systems exploit 
radio frequency (RF) methods, which offer flexibility, new abilities, but also RF 
vulnerability.  Regrettably, other communication devices (wrist radios and personal 
locators) using similar frequencies can interfere with the transmission. Also, Federal 
Communications Commission (FCC) licenses may be required thus limiting the 
choices and making them costly whilst offering lower speed compared to infrared 
transmission. 
Optical wireless communications (OWC) are now beginning to be introduced into 
vehicular applications, offering various advantages, for instance, immunity from 
electromagnetic interference, flexibility, great bandwidth capability, as well as less 
weight than copper cable/wire systems used for communication and control.  Another 
important highlight of OWC is their low power consumption [9], [10], [10].  
 
1.2 Motivation  
The work by other researchers in the use of OWC within the vehicle are limited to the 
use in the cabin of the vehicle, and focus on the distribution of entertainment data, 
which was proposed as early as 1998 [11][12].  To the extent of the author’s 
knowledge, there is no work in the open literature describing extensive research, or 
ongoing research developments currently being studied by others, concerning the 
transmission of an optical wireless signal in small confined spaces, such as in tubes, 
nor are there theoretical models and/or simulations precisely focused on it.   
Understanding of the behaviour of such networks is critical in designing, simulating, 
and analysing any intra-vehicle optical wireless system; gathering experimental data 
on these channels is, therefore, essential. This has motivated the author to investigate 
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further the performance of optical wireless communication in confined spaces, 
particularly in hollow tubes. 
 
1.3 Contribution to knowledge 
Most of the existing research has concentrated on the use of OWC within the cabin of 
the vehicle, and has not incorporated any experimental results.  All the previous 
discussions and conclusions were based on analytical models and simulation results.  
To fulfil the research objectives, diverse aspects of the research were addressed.  The 
primary research intention presented in this work is an experimental investigation of 
OWC implementation within the vehicular environment.  Based on the extensive 
channel measurements and verifications, the novelty of this research includes:   
• In general, OWC links in an automotive environment is still relatively new, and 
there is much space that needs to be explored practically.  The work within this 
thesis contributes to primary knowledge on intra-vehicle communications, and is 
the first step towards the generation of a general theory for communication within 
a vehicle chassis. 
• A practical and cost-effective demonstration model illustrating the use of OWC 
signal transmission through hollow tubes for LOS and NLOS environment has 
been developed.  The relative response and effective modulation bandwidth of the 
IRLED has been presented practically.  Then, the electrical signal-to-noise ratio 
(SNR) of the desired system has been analysed.    
• The OWC channel through the line-of-sight (LOS) transmission has been 
characterised.  Firstly, the characteristics of IR reflections on different materials 
were studied.  Then, the study of the effects of various system parameters on 
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channel frequency response and path loss within the LOS environment was 
undertaken. 
• The OWC channel through the non-line-of-sight (NLOS) transmission within a 
vehicle has been characterised.  The study has concentrated on the effects of 
various system parameters on channel frequency response and path loss within the 
NLOS environment.  Furthermore, the number of reflections within the tubes at 
different bending angles was estimated. 
• An experimental proof-of-concept of an OWC link for employment within a 
vehicular environment, within the chassis of a vehicle, particularly in hollow tubes, 
was demonstrated for the first time, showing significant potentials for the 
deployment thereof.   
• A mathematical expression for the received optical power density for the case of 
specific materials and geometries has been determined. 
• A practical approach for determining the best angle selection to outline the 
orientation of the transmitter for the highest level of received signal power was 
investigated. 
• The SNR and path loss for the NLOS environment at three different bending angles 
was determined. 
The findings are believed to be useful for designing, predicting and evaluating the 
OWC system’s abilities, and to open up a new scope in OWC applications, specifically 
within the vehicular environment. 
 
1.4 Outline of the thesis 
The work presented in this thesis is divided into 7 chapters and are structured as 
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follows: 
• Chapter 1 introduces the area of optical wireless communication systems and 
defines the perspectives of this research. 
• Chapter 2 presents an overview of optical wireless communications and 
describes various transmission techniques within automotive networks in 
general.  This chapter focuses on the intra-vehicle communication networks 
and also discusses different issues related to the implementation of optical 
wireless communication systems within an automotive environment.   
• Chapter 3 describes the experimental apparatus and the construction of the 
transmitter and the receiver.  A transmitter and a receiver have been designed 
and implemented using infrared LEDs.  The system design is presented its 
capabilities are also shown, including the noise analysis.  
• Chapter 4 describes the experimental procedures and results obtained using 
straight tubes, which represent the line-of-sight (LOS) transmission situations 
in confined spaces.  It also includes a discussion regarding the frequency 
response, power efficiencies, and path losses in different experimental settings. 
• Chapter 5 details experimental procedures and result obtained for the non-line-
of-sight (NLOS) transmission using straight and bending tubes.  The chapter 
also details the performance of the system.   
• Chapter 6 presents a prototype of digital system transmission in an NLOS 
setting to emulate a real environment.  The study has concentrated on metal 
tubes only, and the experimental results of the proposed prototype network are 
presented. 
• Finally, in chapter 7, conclusions and suggestions for future directions and 
areas for potential research are presented. 
 7 
 
Chapter 2 : Background Research and 
Related Work 
2.1 Introduction  
Nowadays, the growing requirements for wireless communication technologies have 
gained substantial attention mostly because of the increasing needs for short range and 
high-speed communications.  Maintaining and reconfiguring a wired system is 
inconvenient and costly.  Thus, finding better and more efficient techniques to transmit 
information is essential.  Wireless technology offers flexibility and responses in 
comparison to the disadvantages of a wired system.  Optical wireless technology is 
currently one of the newest solutions being considered to achieve implementation of a 
high-speed wireless LAN.   
This chapter provides an overview of the optical wireless communication system 
approach, with a focus on the indoor applications, as well as advantages that makes 
OW a strong candidate for the vehicular communication applications.  The chapter 
also outlines existing vehicular communication networks. 
 
2.2 Overview of Optical Wireless Communication Systems 
Although the ideal model for in-house OWC was first proposed in 1979 [13], extensive 
research has taken place concerning the channel capacity, channel modelling and 
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modulation techniques, all of which are still evolving to suit specific applications.  
Indoor OWC has gained remarkable popularity due to the huge unregulated bandwidth 
it can provide, with an availability of low cost transmitters and receivers, all of which 
makes it acceptable for indoor communications.  
 
2.2.1 Optical Wireless Mathematical Model 
 
 
Figure 2-1  OW communication system  
 
A mathematical model for the OW communication system shown in Figure 2-1 may 
be represented by Eq. 2-1 below 
 	
   ∗ 	
  	
 (2-1) 
where 	
 is the signal current generated at the front-end of the receiver, 	
 
represents the transmitted optical pulse, 	
 represents the noise at reception,  
	represents the O/E conversion efficiency at the photodetector terminal and ‘∗’ 
denotes the convolution operation.   
 
2.2.2 Optical Wireless Channel Model 
Much research has been conducted for propagation characteristics in confined spaces, 
such as indoor, heating, ventilation and air conditioning (HVAC), mine and tunnel, 
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and metal pipes.  The focus of the research concentrates on other wireless technologies 
except for within the indoor environment [14][15][16].  Furthermore, the propagation 
characteristics of the above mentioned environments is not ideal.  HVAC ducts are not 
totally confined as there are ventilation openings, the size of the mines and tunnels is 
too large and in metal light pipes the focus is only on the surface interaction of  powder 
substrates in the material (for controlled gas environment) [15][17][18]. 
A Lambertian model has often been used to provide and approximate description of 
the fundamental channel modelling in indoor OWC environment.  The model of 
Lambert is utilized to effectively approximate irregular reflection patterns and 
reflected IR signals without privileging any specific direction.  The model is described 
by [19][20][21][22] 
 
  	 1 cos
 
(2-2) 
where  is the surface reflection coefficient,  is the incident optical power and 	is 
the angle observed.  The expression demonstrates that the shape of the reflection 
pattern does not does not rely on upon the incidence angle.  This makes the model 
simple and easy to actualize in software. 
 
Figure 2-2  Lambertian reflection pattern [19]  
Figure 2-2 illustrates a Lambertian reflection model [19], with the thicker line 
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representing the incidence direction and the thinner line identifying the direction of 
specular reflection. 
The Lambertian is not the only option to estimate accurately the reflection pattern of 
smooth surfaces and around the specular reflection direction as the model of Phong 
fits quite well.  This considers an accumulation of diffuse and specular components, 
where the ratio of each part depends totally on the surface attributes.  Eq. 2-2 from the 
Lambert model is used to represent the diffuse component, meanwhile the specular 
component takes into account the incidence angle 
 and the observation angle.  
Thus, the Phong model is best described as [19][23][24][25] 
  , 
     cos
  1 − 
 !"# −	
$ 
(2-3) 
where  is the surface reflection coefficient,  is the incident optical power and  is 
the percentage of incident signal that is reflected diffusely (assumes between 0 and 1).  
% controls the directivity of the specular component of the reflection.   
 
Figure 2-3  Typical Phong’s reflection pattern [19]  
Figure 2-3 represents a typical reflection pattern using Phong’s model [19], which is 
described by 45°, 	
  	 (.*+  !"
   !",*.- − 45°
$	  45°
.  The 
bolder line represents the incidence direction, and the less bold line represents the 
direction of specular reflection .  45°.  As Phong’s model depends on both  and 
 11 
 
, it is thus more complex and requires significantly higher computational time 
compared to the model of Lambert. 
Modelling of reflection patterns within a specified confined space takes into account 
the assumption of purely diffuse reflections and an ideal Lambertian source.  In 
addition, indoor environments sizes and shapes with different surface properties, and 
different transmitter and receiver specifications would also be essential factors in 
determining the channel model. [26] 
A significant amount of work is available concerning the channel characterization, 
covering both practical measurements and simulation methods for indoor systems.  
Investigation of the channel characteristics under different optical configurations in 
various conditions has been performed.  Experimental work carried out in [27], [28], 
[29], [30] and [31] measured the channel properties over high bandwidth and 
characterized the frequency response.  Commonly examined characteristics are the 
channel impulse response, frequency response, path loss, optical power distributions, 
SNR, and RMS delay spread.  
Work from previous research has also outlined a number of simulation methods for 
indoor OWC to characterize the nature of the channel, as such discussed in the 
following subsection [32]. 
 
2.2.2.1 Recursive Method 
The recursive method for replicating several reflections was introduced by [33].  This 
technique was mainly developed to find the effect of multiple reflections without 
considering the temporal spread. 
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2.2.2.2 Statistical Model 
The statistical model for the indoor channel was introduced by [34].  This model is 
developed based on the approximation of the RMS delay spread, τrms, and the mean 
excess delay τm, of the h(t).  The τrms and τm values are then contrasted with the 
Rayleigh or Gamma distributions to fit with the impulse response curve.  
2.2.2.3 Dustin Algorithm 
This algorithm is the quicker way of computing multipath dispersion due to wall 
reflections on an indoor diffuse link [35]. 
2.2.2.4 Monte Carlo Algorithm 
This scheme is the improved version of the Dustin Algorithm, where this scheme also 
takes into account the evaluation of specular reflections [36].  In [37], this scheme was 
modified, where the influence of each ray traced, and each bounce to the receiver, were 
each calculated. 
2.2.2.5 Iterative Site Based Modelling 
This is the newest method for the indoor wireless impulse response approximation.  
The method is capable of interpreting multiple reflections of any order [38]. 
 
2.2.3 Optical Wireless configurations 
Figure 2-4 shows six indoor OWC configurations, depending on the degree of 
directionality of the transmitter and receiver [39].  Diffuse links are the easiest to use, 
as they do not require line-of-sight (LOS), and are the most robust [40].   
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Figure 2-4 OW link configurations [39]  
 
Table 2-1 outlines the main properties of OW configurations [42].  A diffuse link is 
believed to be the best option for intra-vehicle network. Although diffuse links suffer 
higher path lost and require high transmitter power [41], it is expected that this will 
not be an issue for intra-vehicle networks over short distances, and in small confined 
spaces. 
Table 2-1 Main properties of OW configurations [42]  
 
 
2.2.4 Modulation Format 
Various modulation schemes and multiple access techniques have been implemented 
in optical wireless systems, depending on the applications.  Different considerations 
must been taken into account when selecting the modulation technique to meet each 
application requirement.  Amongst numerous techniques, basic modulation schemes 
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widely adopted for indoor wireless modulation are: on-off keying (OOK),  pulse 
modulation (PM) and sub-carrier modulation [39][43][44][45].   
 
2.2.4.1 On-Off Keying (OOK) 
OOK is the straightforward modulation format in terms of hardware implementation 
and integration.  OOK balances between complexity and performance [44][46].  In 
conditions where OOK is incapable of providing the power efficiency required, pulse 
modulation is an alternative modulation scheme in optical wireless communication.    
OOK could be implemented in many ways, including non-return-to zero (NRZ) and 
return-to-zero (RZ) format. OOK signals are extremely popular for both simplicity and 
bandwidth efficiency.  The standardized transmitted pulse is of the form [47][48] 
    /	
  01								1!	0 ≤ 450								67"68ℎ66 
(2-4) 
where 45 is the bit interval.  NRZ contains no discrete spectral components for a truly 
random input.  Thus, it requires either non-linear clock recovery or line coding which 
works against bandwidth efficiency. 
The RZ signal spectrum has discrete spectral components at the bit rate.  Hence, clock 
recovery is straightforward and it does not requires additional clock.  The transmitted 
pulse for a 50% duty cycle RZ signalling is represented as [47] [49] 
/	
  :1									1!	0 ≤ 45 2;0														67"68ℎ66 
(2-5) 
 
 15 
 
2.2.4.2 Pulse Modulation (PM) 
PM provides high-speed digital transmission with higher power efficiency compared 
to OOK but does require a more complex system [44].  There are three types of PM: 
Pulse-Position Modulation (PPM), Differential Pulse-Position Modulation (DPPM) 
and Digital Pulse Interval Modulation (DPIM).   
Table 2-2 summarises the properties of PPM, DPPM and DPIM in terms of peak-to-
average power ratio, bandwidth requirement and throughput [50] .  Among those three, 
PPM is broadly utilized in indoor optical wireless communications, as it offers higher 
average power efficiency.  PPM delivers a reduction in average power requirement in 
contrast to OOK.  For the IEEE 802.11 infrared physical layer standard and Infrared 
Data Association (IrDA) serial data links, PPM is the chosen modulation scheme 
[51][48].  
Table 2-2 Comparison between PPM, DPPM and DPIM [50] 
Modulation format PPM DPPM DPIM 
peak-to-average 
power ratio 2< 2
<  1
2  
22<=>  2?  1

3?  
Bandwidth 
requirement (Hz) 
2<5@  
2<  1
52@  
2<=>  2?  1
52@  
Throughput @ @2<A>2<  1 
@2<A>
2<=>  2?  1 
In this table, @ represents the number of bits/symbol, ? is the number of pulses in the 
header and 5 represents data bit rate. 
 
2.2.4.3 Sub-Carrier Modulation 
Sub-carrier modulation techniques for OW links have been proposed in [52].  This 
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modulation scheme is being used when data rates exceed 100 Mbit/s, as it is relatively 
immune from multipath dispersion.  Single-Subcarrier Modulation (SSM) and 
Multiple-Subcarrier Modulation (MSM), are other techniques suitable for OWC 
systems [52][53]. 
Other than the above-mentioned modulation schemes, Differential Pulse Position 
Modulation (DPPM), Digital Pulse Interval Modulation (DPIM), Double-Pulse 
Interval Modulation (DH-PIM), and  the combination of OFDM with any other access 
scheme, are modulation methods suitable for optical wireless communication, which 
could be the alternatives of PPM, because of their improved performance in terms of 
power and bandwidth efficiencies [54]. 
 
2.3 Overview of Automotive Network 
Vehicular communication networks can be classified as either (1) inter-vehicle 
networks, or (2) intra-vehicle networks.  Inter-vehicular communication occurs when 
the vehicle communicates with the outside world.  This type of communication can be 
further categorized as (1) vehicle-to-vehicle (V2V) communication, and (2) vehicle-
to-infrastructure (V2I) communication.  The research in this area is rapidly growing, 
due to significant advances in mobile and wireless communication technologies. 
On the other hand, intra-vehicle networks is the communication networks that 
generates function within a vehicle.  Currently, the main intra-vehicular 
communication is wired and network-based.  Advancement in inexpensive high 
performance wireless LAN technology has made wireless intra-vehicular 
communication popular.  A remarkable amount of research has been undertaken to 
exploit the diverse technologies that can be provided to improve the safety and comfort 
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of the passenger wirelessly [1].  
The automotive subsystem is generally divided into five main domains, as shown in 
Figure 2-5.  The Powertrain domain serves to control the engine and transmission 
system.  It performs complex and frequent data exchange, so therefore it requires a 
high network bandwidth and reliability to retain a real-time control mechanism in order 
to maintain strict timing requirements [6][7]. 
 
 
Figure 2-5 Embedded Automotive Subsystems 
 
The Chassis domain is responsible for controlling the suspension, steering and braking.  
It is also involved with real-time safety-critical applications, and thus requires on-time 
data exchange.  Therefore, it requires a high bandwidth, reliable- and flexible network 
[6][7].   
The Body and Comfort Electronics domain is mostly responsible for comfort 
functions.  This domain is made up of air conditioning, lighting, wiper, cruise control, 
locks and so on.  The Body and Comfort Electronics domain does not require a high 
bandwidth network.  A low cost network could be used for these applications, as the 
communications are mainly depending on driver/passengers action [6][7] . 
The Safety domain concerns with the driver and passengers safety.  Although it 
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involves impact- and rollover sensors, airbags, and seat belts, this network still requires 
reliable and high-speed data transmission [6][7]. 
The Infotainment and Telematics domain deals with multimedia and mobile 
communications, as well as vehicle monitoring systems and location devices [1].  The 
Infotainment and Telematics devices in a vehicle represent a different class of 
applications that require high data rates to transmit data, music and video streams. 
Thus, Media Oriented Systems Transport (MOST), and IDB-1394, which interconnect 
infotainment and telematics devices, will not be discussed further in this thesis. 
All these domains are controlled by an electronics control unit (ECU), which 
exchanges data and information amongst up to 70 ECUs in one vehicle [1].  As 
function of a vehicle are getting more complex, and there are increasing expectations 
for high data rate demands for automotive networking, better networking schemes 
were becoming issues.  
 
2.4 Wired Intra Vehicle Communication Networks  
Most of the automotive subsystems are safety-critical. Thus, to interconnect these 
subsystems, some thought needs to be given to the bandwidth, flexibility, security and 
reliability requirements across the whole “network of networks”. 
From an engineering point of view, the high number of existing networks should be 
reduced; therefore, new networking technologies are being studied to produce fewer 
and more general automotive networks. The basic requirements for automotive 
networks are outlined as follows [7][55]: 
 Increasing driving comfort and driver/passengers security. 
 Reducing the size of the wiring harness in order to increase reliability, 
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serviceability and external noise immunity, plus reduce the system cost, weight 
and installation processes.   
 Improving common sensor data to eliminate the redundant sensors such as 
speed sensor, and engine temperature sensor. 
 Flexible networking which allows more functions to be added through software 
changes. 
There are few, in-vehicle communication network types and protocols utilized as a 
part of vehicles by different makes.  Common in-vehicle network protocols are 
summarized in Figure 2-6 and Figure 2-7. 
 
 
Figure 2-6 Intra-vehicle networks 
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Figure 2-7 Common In-vehicle Network Protocols [56] 
2.4.1 Controller Area Network (CAN)  
The CAN protocol is the most common inexpensive low-speed serial bus standard 
used for in-vehicle networks.  CAN offers flexible and efficient bandwidth utilization, 
and a robust, simple and cheap communication network [57].  CAN versions support 
different data rates, such as 125 kbit/s and 1 Mbit/s, respectively for low- and high 
speed CAN.  Normally CANs are used for the engine management system, ABS/EPS, 
electronics transmission, as well as body comfort, and convenience electronics 
networking  in the Drivetrain and Comfort/Convenience domains [58][59]. 
2.4.2 Time-triggered CAN (TTCAN) 
TTCAN has been developed, based on CAN, to make it more applicable to safety-
critical applications.  TTCAN is being used in engine management and transmission 
systems, and x-by-wire applications.  TTCAN uses a bus topology network, able to 
handle maximum data rate up to 1 Mbit/s [60]. 
2.4.3 Local Interconnect Network (LIN) 
LIN is a low speed serial bus network (25 kbit/s), and can be considered as an 
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alternative to a low speed CAN [55].  Normally LIN is used alongside CAN, as it 
compliments it.  LIN is used mainly in simple applications in the Comfort/ 
Convenience Electronics area (sensor and actuator) over a single wire transmission.  It 
provides a master-slave protocol, and can be used for five different frame types 
covering unconditional, event-triggered, random diagnostic, and user-defined 
conditions [1]. 
2.4.4 Time-Triggered Protocol (TTP) 
The TTP was developed as a time-triggered event solution.  It is available in two forms, 
TTP/A and TTP/C.  TTP/A will be an expert/slave TDMA convention, whilst TTP/C 
is a completely disseminated TDMA protocol.  TTP/A is not currently used in the 
automotive industry, whereas TTP/C is used for fault-tolerance applications, with a 
star- or bus topology.  This protocol ensures that no single fault is likely to occur.  The 
specific transfer data rate is unspecified, but typically up to 10 Mbit/s [61][62].  
2.4.5 Byteflight 
This optical data bus was designed for time- and safety-critical applications, and is 
able to carry 10 Mbit/s of data. It is deployed mainly in safety-related applications, 
especially for airbags (airbag sensor network).  Due to its flexibility, Byteflight is also 
being used in the Body and Comfort Electronics domain [56].  This high performance 
protocol combines time- and event driven control mechanisms, and is based on a single 
point-to-point link.  This optical data bus system has been expanded to be part of the 
FlexRay protocol [63]. 
2.4.6 FlexRay 
FlexRay is a general-purpose high-speed, fault-tolerant protocol, developed for time- 
and safety-critical applications. The objective of the development of FlexRay has been 
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to complement CAN in higher bandwidth and reliable applications.  It was deployed 
across all domains, especially in x-by-wire systems. It is a protocol that combines time- 
and event-triggered control mechanisms, and uses a comparatively high data rate at a 
maximum of 20 Mbit/s.  It has a flexible topology in which it can be organised as a 
bus, a star, or a multiple star, for either optical- or electrical physical layers [64]. 
2.4.7 MOST 
MOST is a high-speed multimedia technology used to transport multimedia 
information signals through plastic optical fibre (MOST25, MOST150), or electrical 
wire (MOST50, MOST150) physical layers.  A maximum data rate for each of the 
MOST versions is 25 Mbits/s, 50 Mbits/s, and 150 Mbits/s for MOST25, MOST50 
and MOST150, respectively [65].  
2.4.8 IDB-1394 
IDB-1394 is a vehicular version of a multimedia bus for all automotive applications 
based on IEEE 1394.  IDB-1394 system used for in-vehicle multimedia and telematics 
are capable of transferring up to 400 Mbit/s, and are expected to reach 1600 Mbit/s in 
the near future.  The advantages of IDB-1394 are it allows isochronous and 
asynchronous data transfer.  Isochronous is a real time data transmission for high-
speed camera and video streaming. IDB-1394 is a genuine challenger for MOST 
technology [66].   
 
2.5 Wireless Intra Vehicle Communication Networks 
In recent years, research in intra-vehicle communication systems has become an 
attractive field, especially in new architecture based on wireless networks.  This has 
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been as a result of more sensors and integrated networks being added, which has 
increased the complexity and weight of the cabling.  Thus, other alternatives have been 
investigated, and a wireless network shows great promise in the solution to this 
problem.  Generally, there are a few potential wireless networks that are being thought-
through for intra-vehicle applications, such as Ultra-Wide Band (UWB), ZigBee, Wi-
Fi, and optical wireless. [65] 
Wireless vehicle communication technologies and protocols have the prospect to 
bolster numerous new and innovative applications. These innovations can significantly 
improve the safety, comfort, and convenience value of new vehicles, as well as 
infotainment and telematics functions.  Positive progressions in the next generation 
vehicle communications will allow communication globally around the world, the 
embedded devices and with each other, making each vehicle a communications hub 
[8].  
2.5.1 Wi-Fi 
In wireless sensor networks, Wi-Fi is only used to perform a particular function in 
collecting sensor data for long distance data transmission.  Currently, Wi-Fi is widely 
used in inter-vehicle communication [61][67].  Amongst all other wireless networks 
in a vehicle, Wi-Fi is the most mature technology used.  Unfortunately, its complexity 
has led to the use of other available wireless technologies. 
There are some weaknesses in using the Wi-Fi for an intra-vehicle wireless network, 
which could affect the performance and reliability of the network itself.  The 
performance can degrade due to harsh operating condition, including motion, 
congestion, crash, and interference.  
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2.5.2 Bluetooth 
The use of the Bluetooth in a vehicle is divided into two levels, being the user devices 
level and the system level.  At the user device level, this network provides seamless 
connection for user-portable multimedia devices, telematics, and mobile electronic 
devices such as laptops, digital cameras, mobile phones, and hands-free accessories 
within the vehicle.  In contrast, at the system level, Bluetooth functions similarly to 
any other copper-based vehicle control network such as CAN.  Potential usage of 
Bluetooth for automotive control system has been presented in [10]. 
The major drawback of Bluetooth is that the device always need to be “on” to alert for 
available networks to join, and it requires longer battery life, resulting in regular 
charging being required [8][68][69].  Operating over relatively short transmission 
distances is also one of the points why this protocol has not been considered for vehicle 
networks. 
2.5.3 Ultra-Wideband (UWB) 
UWB is a short-range wireless communications low transmission power, mainly 
operated in an indoor- or confined environment.  UWB is usually used for in-vehicle 
sensing, telematics, multimedia and infotainment domains, in addition to vehicular 
radar systems [70][71][72].  
Limitation or drawbacks of UWB come from the challenge of designing a small 
antenna for any applications.  Moreover, a UWB receiver tends to be affected by the 
in-band interference originating from other radio signal sources.  Unfortunately, this 
problem is not an interest in general as it is normally integrated into mobile platform 
that are synchronised with a variety of other radios [73].  
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2.5.4 ZigBee 
ZigBee technology has been developed, based on the IEEE 802.15.4 specifications.  
Due to its open standard, low power and low cost characteristics, it becomes an 
attractive wireless technology options other than Bluetooth and Wi-Fi.  ZigBee is 
suitable for low data rate and low power consumption applications [74]. 
Currently, most of ZigBee commercial applications are hybrid with RF systems and 
are related to the inter-vehicle communications, such as vehicle-to-vehicle and 
vehicle-to-infrastructure links [75].  Unfortunately, systems based solely on ZigBee 
are still in early stage and not commercially available for intra-vehicle networks.  
Furthermore, the data rate of ZigBee is only 20 – 250 kbit/s, thus not suitable for the 
transmission of control system signals. 
ZigBee has been created particularly to allow low power utilization and years of 
battery life [69]. 
2.5.5 Radio-Frequency IDentification (RFID) 
RFID system is one of the potential wireless technologies that use a transponder 
attached to the objects to be acknowledged.  The transponder communicates via RF to 
a reader attached to a system to be detected.  RFID was proposed for use in wireless 
sensor networks.  Unfortunately, there are several issues needed to be considered when 
using this technology as the reader and the tag must be in a fixed location, can only 
detect signal from nearest tag and large power loss. [76] 
2.5.6 Optical Wireless 
OWC is based on the optical radiation to convey information in free space.  OW 
physical layer relies on wavelengths ranging from 800 – 3000 nm band.  OW holds 
numerous advantages in automotive context as it could provide high-speed 
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transmission at low cost, immune to electromagnetic interference, use unregulated 
spectrum, as well as using small components that leads to low power consumption 
[77].   
 
2.6 Common Wireless Intra Vehicle Network Requirements 
Reference [78] suggested three network requirements for wireless intra-vehicle as 
follows: 
• Requirement 1: high-speed information transfer is required for the intra-vehicle 
network, starting from a few hundred Mbps or more. 
• Requirement 2: preferable secure transmission distance around 100 metres, to 
cater for large sized vehicles such as aeroplanes and long train. 
• Requirement 3: low equipment, installation and maintenance cost, in order to 
introduce the technology to the commercial passenger car. 
Existing wireless standards-based technology are not by any means applicable for intra 
vehicular wireless networks since most of these standards have not been produced for 
the intra-vehicle applications, therefore the technical specializations do not match the 
necessities (either overkill or falls short).  
The drawbacks of current wireless network for intra-vehicle application are as in Table 
2-3.  
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Table 2-3 Common wireless network drawbacks 
Wireless technology Drawbacks 
RFID Costly RFID readers. Incompatible for reliability and latency requirements 
as adopt simple physical layer waveform and MAC protocol design. 
Bluetooth Complex system, costly and high power requirement.  Interfere with Wi-Fi 
signal as operated in the same frequency as Wi-Fi standard. 
ZigBee Low data rate 
 
2.6.1 Bandwidth Requirements 
As stated earlier, each subsystem in vehicle requires different communication 
requirements.  The Society of Automotive Engineers (SAE) has outlined intra-vehicle 
communication networks based on bandwidth and functions of the networks [7]:     
 Class A represents low speed/low cost networks with transmission capacity 
less than 10 kbit/s.  Class A is dedicated to the Body and Comfort Electronics 
domain.  LIN is an example in this class.  
 Class B operates from 10 to 125 kbit/s, and is utilized for general data exchange 
(i.e. instrument cluster, vehicle speed) and some Body domain networks that 
need faster transmission rate.  CAN-B is the main example of this class.  
 Class C is for high-speed networks represented by CAN-C.  The network in 
this class works from 125 kbit/s to 1 Mbit/s.  Powertrain and Chassis domains 
are normally in this class. 
 Class D is also for high-speed network dedicated for Infotainment and 
Telematics domain.  Class D operates up to greater than 1 Mbit/s.  MOST and 
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Bluetooth is the main examples.   
 
Table 2-4 summarizes the network bandwidth requirements in each vehicle domains.  
Based on Table 2-4, the bandwidth required for the research ranges from 100 kbit/s to 
22 Mbit/s, depending on the control signal requirement. 
 
Table 2-4 Network bandwidth requirements 
 Powertrain Chassis 
Body and 
Comfort 
Electronics 
Safety Infotainment 
and Telematics 
Bandwidth 500 Kbit/s 500 Kbit/s 100 Kbit/s 22 Mbit/s 10 Mbit/s 
Number of 
ECU 3 – 6 6 - 10 14 - 30 4 - 12 11 - 12 
Safety 
requirements High high low low Very high 
Bus topology Bus bus bus ring star 
BER Varies from 10-4 (aggressive environment) to 10-6 (benign 
environment) [79] ≤10
-10 [80] 
 
2.7 OW in Intra Vehicle Environment 
The implementing of OW technology in vehicular environment originates from the 
idea of reducing the weight of a spacecraft.  The study of optical wireless technology 
for intra-satellite communications has begun since 1991.  The need of reducing 
spacecraft weight, low power consumption and immune to EM interference is the 
contributing factors that directed to the used of optical wireless.  NANOSAT-01 is a 
project developed by INTA implemented the communication between sensors and on-
board data handling using diffuse optical wireless links, is the first optical wireless 
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intra-satellite link in orbit in 2005.  OPTOS launched in 2010 is the latest spacecraft, 
which communicates mostly using optical wireless-CAN [12]. 
Broadband optical wireless communications for personal and broadcast in-flight 
communication and entertainment services has been proposed in [40]. 
The utilization of OW in the car context has been proposed in [9], several pathways 
are possible to transfer light such as: doors (point to point link), the engine 
compartment (MIMO execution should be expected in this case) and the inner cockpit 
of the vehicle (where unstable obstacles can be available such as passengers).  The 
latest study about optical wireless channel in the car cabin is presented in [81], where 
power and bandwidth distribution in different parts of the car are characterised.  The 
rapid improvement of optical wireless communication and LEDs technology in the 
visible spectrum has widened the future of implementing this innovation in the vehicle 
with the intention of replacing CAN.  
 
2.8 Issues and Design Challenges 
Besides eye-safety requirement issue, several other factors require highest attention in 
this research.  Main critical aspect to be looked into is the exchange of data in between 
ECU, since more cross-area data exchanges are required.  Moreover, communication 
between this ECU requires high-speed, event-triggered and time-triggered 
communication [1].  Detailed analysis on the LED as a transmitter should be focused 
as it has limited modulation bandwidth, which is the limiting factor to achieve high 
transmission rates [82].  A communication protocol also plays an important issue [83].  
Precise receiver specifications are also required as multipath propagation arises by the 
reflection on car body metal and could distort waveform [84].  Noise is also an issue 
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that need extra consideration.   
In the actual deployment of OW networks in the vehicle, many challenging problems 
must be addressed.  Since, high mobility of the vehicles, connectivity must be ensured 
and channel must be managed efficiently.  Furthermore, these problems are worsen by 
the harsh wireless environments in which these networks operated, where wireless 
transmission may fail due to many reasons, including channel fading, collisions, 
obstruction and interference [11]. 
Rapid development of intra-vehicle OW communication and LEDs advancement in 
the visible spectrum has widened the future of actualizing this technology in the 
vehicle with the intention of replacing CAN.  Thus, it is believed that this new type of 
transmission has better prospective to be investigated and developed.   
 
2.9 Conclusion 
In this chapter, an overview of indoor OWC and communication networks in the 
vehicular environment were briefly discussed.    The significant advantages of OWC 
such as high-speed transmission at low cost, resistance to electromagnetic impedance, 
utilisation of small components that prompts low power utilization and not having to 
design a system around other competing RF systems, offer valuable potential for 
implementation in vehicular environment.  
The chapter also outlined a secure vehicular communication network for example the 
CAN, TTCAN, LIN, TTP, Byteflight, FlexRay, MOSt and IDB-1394, which integrates 
passive and active interaction of cabin, chassis, powertrain and safety domain that 
builds up current in-vehicle communication systems.   
Current research on intra-vehicle optical wireless communication concentrated on the 
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computer simulation of received power and bandwidth availability of an OWC system, 
mainly in the cabin of the vehicle.  No experimental research has been done within the 
chassis of the vehicle. 
Most communications systems could either be bandwidth efficient, power efficient, or 
cost efficient. Bandwidth efficiency sets the highest priority, which describes the 
ability of a modulation scheme to accommodate data within a limited bandwidth. In 
indoor OWC, NRZ OOK is commonly used.  However, in this thesis, the RZ OOK 
signalling is used, as it offers the simplest transmitter and receiver design and easiest 
integration in the IM/DD modulation.  Setting up a practical demonstration prototype 
does not aiming for the extreme bandwidth, but setting up the system at required link 
distance is more important at this earliest phase.  Thus, power efficiency is a more 
important factor in system design consideration.  The pulse duration in the RZ OOK 
is lower than the bit duration, hence giving an improvement in power efficiency over 
NRZ OOK.   
 
 32 
 
Chapter 3 : Transmitter and Receiver 
Design 
3.1 Introduction  
As discussed in the previous chapter, most of the wireless technology for intra vehicle 
communication is not designed to operate within a confined spaced.  Moreover, 
implementation of optical wireless is limited to the communication between the 
vehicle to the outside world and only within the cabin of the vehicle.  The objective of 
this research is to study the prospect of implementing OW concept within the chassis 
of the vehicle.  Thus, attaining maximum range or extreme bandwidth is not the 
important factor as for many systems employing OW, but setting up a basic, cost-
effective, and practical transmission system within the vehicle environment is the core 
interest.  Hence, this chapter concentrates on the development of the transmitter and 
receiver combination, based on an infrared LED as the transmitter, as a tool for 
exploring the channel characteristics.   
 
3.2 The basic system 
Figure 3-1 shows the block diagram of an intra-vehicle optical wireless transmitter and 
receiver, which is closely related to the free space optical wavelength, aside from the 
operational wavelengths.   
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Figure 3-1 OW communication system  
3.2.1 The basic system requirement 
The objective of this chapter is to develop a transmitter and receiver to be used as a 
measuring tool for this research. There are a few requirements set for the system 
design, such as: 
Transmission distance : 1 metre 
Bandwidth : 10 Mbits/s 
SNR : ≈ 10 dB 
BER : 10-4 to 10-6 
The system requirements set for this thesis is based on the intra-vehicular network 
bandwidth requirement, as stated in Table 2-4.  The bandwidth requirement is from 
100 kbit/s up to 22 Mbit/s based on the application.  Since the main idea of this system 
is to replace the network represented by CAN-C and is not safety critical, the 
bandwidth is set at 10 Mbit/s.  While for the SNR value, 10 dB was set based on that 
for an indoor environment, as at this optimal threshold value, minimum noise is 
produced. Shorter distances were set since the vehicle size limits the needed.  The BER 
expected from the system designed is between 10-4 to 10-6
.
 
 
3.3 Optical wireless transmitter and receiver design  
3.3.1 Optical source 
Nowadays, a wide variety of commercial off-the-shelf LED’s and Laser diodes are 
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available for use in optical wireless communications.  A few aspects need to be 
considered, before choosing the right optical source, such as spectral width, power 
radiated, half power angle, and maximum modulation operating frequency.  In this 
instance, an IrLED was the preferred option for the following reasons:    
• Reliability - the LED is more reliable and robust, thus increasing device 
lifetime. 
• An IrLED can be modulated (turned off and on) at high enough speeds   
Choosing the correct IRLED is a particular challenge.  A few parameters play an 
important role in selecting an appropriate IrLED: 
• Switching speed 
• Wavelength selection 
• Divergence angle 
• Optical output power 
However, the market availability of preferable IrLEDs is limited, so therefore there 
must be a trade-off between these parameters.   
In the proposed system, the preferable IRLED for the transmitter was OPTEK OP280V 
as it has fast switching speed with a rise time (tr) and fall time (tf) of 100 ps.  
Unfortunately, the output power density of such an individual device is too low, being 
around 2.5 mW/cm2.  In order to use this, a transmitter with an array of such IrLEDs 
needs to be designed.  However, the efficiency and modulation bandwidth of the 
system will be limited by using this configuration [8]. 
The next suitable type of IRLED for the transmitter is VISHAY VSLY5850.  Although 
the switching speed is greater than that of the OPTEK OP280V, it has a significantly 
better radiant power of 600 mW/sr.  Furthermore, VSLY5850 offers the widest 
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bandwidth in the market at 850nm peak wavelength.  The divergence angle also plays 
an important role in the IRLED transmission, where smaller divergence angle gives 
greater concentration, thus the transmission power density is high.  The VSLY5850 
has angle of half intensity of ± 3°.  
3.3.2 Optical detector 
The receiver design has been constructed using an OSRAM SFH205F silicon PIN 
photodiode with an active area of 2.65mm2, a zero-voltage depletion capacitance of 
10pF,  a half angle of ±60° and responsivity of approximately 1 A/W at the chosen 
operational wavelength of 980nm.   
3.3.3 Bandwidth calculation 
The channel capabilities of the system were calculated based on optical source and 
optical detector features that are shown in Table 3-1. 
 
Table 3-1 Technical features of optical sources and detectors.  
Feature VSLY5850 SFH205F 
Device 
High Speed Infrared 
Emitting Diode 
Silicon PIN 
Photodiode with 
Daylight Blocking 
Filter 
Wavelength at peak emission 850 nm 900 nm 
Half angle ± 3° ± 60° 
Active chip area - 7.02 mm2 
Switching times 
Ιe from 10% to 90% and from 90% 
to 10% ; IF = 100 mA, RL = 50 Ω 
10 ns 20 ns 
Radiant intensity 
IF = 100 mA; tp = 20 ms 
600 mW/sr - 
Noise equivalent power - 0.039 pW / Hz½ 
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The SFH205F modulation bandwidth was calculated as	0.35 B.⁄  0.35 20	ns⁄ 
17.5 MHz.  Thus, the system bandwidth will be limited by the optical detector to 
around 17.5 MHz, in addition to other electronic device limitations and conversion 
constraints.  
A simple experimental setup was developed to determine the real capability of the 
IRLED.  A basic optical wireless transmitter circuit was setup as shown in Figure 3-2, 
and the receiver as in Figure 3-3, and were constructed for the experiment. 
 
 
Figure 3-2 Fundamental transmitter  
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Figure 3-3 Fundamental receiver  
 
The value of the resistor R in Figure 3-3 needed to be carefully calculated to ensure 
that the receiver bandwidth is more prominent than the IRLED transmission capacity.  
The bandwidth of the receiver also depends on the photodiode’s internal capacitance.  
The CV characteristic of the SFH205F was determined using a Boonton Electronics 
Capacitance meter as in Appendix A, and the results are tabulated as in Figure 3-4.  
The internal capacitance of the photodiode is about 10pF for a 12 volts bias voltage.    
A lower value of R, at the receiver circuit is chosen for adequate data transfer capacity 
of the receiver, which is required to be higher than the LED upper 3 dB cutoff 
frequency, without sacrificing the receiver sensitivity.   
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Figure 3-4 SFH205F CV characteristic 
 
The relative response of the VSLY5850 is presented in Figure 3-5.  The normalised 
responses in the graph were calculated based on the standard dB formula of 
20 log>(H. HI⁄ 
 and were normalised to their respective peak values.   The test proved 
that the effective modulation bandwidth of the IRLED is only up to 15 MHz at 10 cm 
range.  The calculated bandwidth based on the datasheet is under the optimum testing 
condition.  Supplying more current to the device could increase the bandwidth of the 
test system; unfortunately, it also heats up the IRLED and consequently shortens its 
lifetime. 
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Figure 3-5 Relative response of VISHAY VSLY5850 
 
3.3.4 Infrared LED driver 
The purpose of the driver circuit is to transform the data voltage signal at the 
transmitter into a modulation current appropriate for an IRLED source.  The 
transmitter could be either analogue or digital, depending on the application. Since 
analogue signals are commonly used in most systems, and can be used for digital 
modulation as well, the IRLED driver design was based on this form.   
 There are two possible high-speed drive circuits for analogue transmission presented 
in Figure 3-6.  The common emitter configuration changes over an input base voltage 
into a collector current to turn the IRLED on, whereas the Darlington pair 
configuration is normally used to reduce the effect of amplifier input impedance 
loading the source, effectively acting as a kind of current amplification. 
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 Figure 3-6 Analogue drive circuit  
 
In order to attain the highest data rate, the IRLED should not be completely turned off.  
This will speed up the process of creating minority carries in the junction, and avoid 
“slow start” mechanisms, such as the need to fill traps and interface states in the 
semiconductors.  An adequate bias level must be chosen to turn on the IRLED in a 
control to avoid these mechanisms.  The Darlington pair drive circuit has the ability to 
enhance the switching current capabilities, and this configuration is thus more suitable 
to drive high radiance IRLED at higher frequencies, thereby increasing the 
transmission power and therefore the overall range. 
To drive the IRLED, the transmitter utilising the Darlington IRLED driver, as shown 
in Figure 3-7, was used.  The IRLED driving current was given by the transistor Q1 
collector current, which was controlled by the resistor R7.  The value of R7 had to be 
precisely estimated to guarantee appropriate current flow through the IRLED under all 
normal operating conditions.  The function of the Q2 transistor was to ensure that the 
IRLED was not fully OFF during the operation, in order to enhance a higher switching 
 
(a) CE configuration drive circuit            (b) Darlington pair drive circuit 
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rate.  The bias resistors R4 and R5, which forward the bias current to the emitter base 
junction to switch the transistor to its ON state, controlled the DC base current. 
 
Figure 3-7 Darlington IRLED driver 
 
The basic experiment, as explained in Section 3.2 was repeated and the effective 
modulation bandwidth found, using the Darlington IRLED driver, greatly reduced to 
1 MHz, as shown in Figure 3-8. The normalised response in the graph was again 
calculated using the dB formula given above and also normalised to their respective 
peak values. This demonstrated that the effective modulation bandwidth was reduced 
significantly when more gain and higher transmitted powers were achieved, 
commensurate with the usual trade-off between transmitted power (gain) and 
bandwidth. 
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Figure 3-8 Darlington IRLED driver normalised response 
 
3.3.5 Pre-emphasis 
The modulation bandwidth of the IRLED transmitter can be enhanced by using pre-
emphasis.  By utilizing the passive frequency pre-emphasis technique shown in Figure 
3-9, the modulation bandwidth of the system was improved significantly.   
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Figure 3-9 IRLED transmitter with pre-emphasis 
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The normalised response of the system is shown in Figure 3-10 with 13 MHz 
achievable modulation bandwidth.  A small peak in the response at higher frequencies 
is caused by reasons such as (1) resonance due to stray capacitance, (2) the difficulties 
of getting the exact corner frequency needed, (3) the interaction of the frequency 
responses of other devices in the system.  
 
 
Figure 3-10 Normalised response of the system 
 
3.3.6 Front-end 
Due to the constraints of optoelectronics, there are limitations on transmitting high 
power optical signals, thus an optical wireless communication system overall 
performance is determined mostly by the receiver performance [85][86].   
A high impedance front-end was used at the receiver is shown in Figure 3-11.  The 
photodiode used was the SIEMENS SFH 205F with a built-in daylight filter.  The 
current-to-voltage conversion in the pre-amplifier was set by load resistor, R1.  The 
idea of a high impedance front end was to give the photodiode as high a load 
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impedance as possible, so that the current signal from the photodiode will generate as 
high a signal voltage as possible across the load resistance in series with the 
photodiode. Then, the subsequent high impedance presented by the amplifier does not 
reduce the effect of this high resistance load, and consequently reduce the voltage 
generated by the photodiode signal current. However, because of photodiode 
capacitance, a higher effective load impedance increases the front-end time constant, 
and thus lowers the receiver bandwidth since this is given by 2JKL
=>, where Jis 
the load resistance (R1 in Figure 3-11) and KL is the total capacitance associated with 
the photodiode and the amplifier. 
Photodetector bandwidth limitation are based on two principals; bandwidth associated 
with the carrier transit time or RC time constant.  This thesis only concerns the 
bandwidth restricted by the latter [87][88].  Bandwidth is related to integration time 
by the formula 
∆1  	 12B 
(3-1) 
where B is the integration of time or “time constant” of the system in seconds.  The 
time constant,	B is the time for the photodetector (or the system) takes to reach a value 
of 1 − 6=>
 ≅ 60% of its steady state value [89]. 
Therefore, in this particular case, R1 was set to a relatively low value in order to 
maintain a good bandwidth for the front end as a whole.  Loading the current-source 
with a large impedance maximised the amount of voltage developed at the amplifier 
input and thus reduced the amplifier noise sources.  
The op-amp AD8072JN is a current feedback amplifier with 100 MHz bandwidth, 500 
V/μs of slew rate, along with settling to 0.1% of full output in 25 ns, and with a gain 
flatness of 0.1 dB from low frequencies up to 10 MHz.  This op-amp is very useful in 
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high-speed, general-purpose applications.  A current feedback amplifier was chosen 
because given the limited choices of the feedback impedance, it offered faster 
operation, fast slew rates and fixed bandwidth versus gain in addition to the capability 
to retain high full power of bandwidth at much higher gain.  The first stage amplifier 
gain was 13, as this was the maximum gain allowable for the op-amp with the 
limitation of the feedback resistor. A small source of DC bias for the non-inverting op-
amp was provided by R2 to R4. 
A second stage amplifier with a gain of 7.8 was added to the circuit as shown in Figure 
3-11 below, so that the output voltage was high enough to be detected at a range of one 
metre. 
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Figure 3-11 High-impedance front-end receiver with amplifier
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3.4 Precautions 
The system was designed to operate at high frequencies, therefore the circuit tended to 
pick up interfering signals via power supplies and earth loops.   
Although OW systems have much less potential for interference with RF-sensitive 
electronic systems, a few precautions have been considered to keep EMI to the lowest 
level possible.  It was believed that these steps could prevent the present of spurious 
signals from interfering with the system operation.  The steps taken are as follows: 
• using capacitive decoupling to reduce low frequency feedthrough,  
• using shielded power cables,  
• placement of the circuit in a shielding box. 
 
3.5 Performance study of the system designed  
The functionality of the system designed has been verified by sending a continuous 
wave (CW) signal at a range of 0.25 metres within a free space controlled environment.  
This environment was created by covering the transmission channel with a thick black 
cloth to prevent external optical and infrared sources such as ambient light.  The signal 
was sent at various frequencies, and the quality of the signal received was very good 
over a satisfactory frequency range, as shown in Figure 3-12  (a) – (d).   
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(a) 100 kHz 
 
(b) 500 kHz 
(c) 1 MHz 
 
(d) 5 MHz 
Figure 3-12 Waveforms of the test signal 
 
The received power was measured using an Ealing research radiometer/photometer as 
in Appendix A, and the results were tabulated in Figure 3-13.  Under free space 
transmission, the optical power intensity decreased dramatically over distance. 
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Figure 3-13 Optical power intensity at a distance 
 
3.6 System Noise Analysis 
In optical wireless communication systems, noise comes from two sources, namely 
internal and external.  A detailed noise source analysis was thoroughly given in [90].  
There was only small amount of ambient light existing at the opening end of the 
configurations, which covered with black cardboard iris.  The transmission for free 
space tests was also performed under controlled condition, which considerably 
minimised noise contributions from daylight, and fluorescent light.  The external noise 
was determined in fact to be negligible, and was ignored in this particular set of 
experiments. 
Major sources of noise, which affect the system sensitivity, come from the internal 
circuitry itself.  The noise generated in the receiver was one of the main areas of 
interest in this study.  Different photodetector noises that appear are thermal noise, 
shot noise and dark current noise.  However, only shot noise in the photodetector, 
thermal noise in the resistance and amplifier noise will be examined. 
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The shot noise comes from the statistical uncertainty in photon arrival rate, which can 
be represented in terms of voltage source or current source.  The mean square value of 
shot noise current has the following form [91][88][87][92]: 
 QRS  2TQUV (3-2) 
where T is the electronic charge in Coulombs, QRS is the RMS noise current, QU is the 
photocurrent generated in Amperes, and V is the electrical bandwidth, in Hertz, over 
which the noise is measured.  
The second noise source is the thermal noise of the shunt resistance, which is otherwise 
called as Johnson noise, and is given by [91][88][87][92]: 
 QIW 	 4X4V/
> Z;   (3-3) 
where QIW is the thermal noise current in Amperes, X is the Boltzmann’s constant, 4 is 
the temperature in Kelvin, V is the effective bandwidth in Hertz, and  is the load 
resistance in Ohms. 
Amplifier noise also assumes an essential element of the receiver noise analysis and is 
given by three terms. The first two are in the form of the photodiode shot noise and 
the load resistance Johnson noise as described above.  The third term comes from the 
input voltage noise of the amplifier, due to the shot noise of the input bias current, and 
the Johnson noise of the feedback resistor both of which are directly linked to the 
frequency bandwidth.  This may be combined into an equivalent input noise current, 
designated	Q[#U.  Thus, the total noise current generated by a receiver is given by [92], 
[93]: 
 Q\ 	 ]QRSZ 	QIWZ 	Q[#UZ ^> Z;  (3-4) 
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Since the noise sources described are uncorrelated, they must add in a sum-of-squares 
manner, as shown in the equation above. 
The main performance analysis for the receiver concentrates on the signal to noise 
ratio (SNR).  The SNR of the system is determined by measuring the peak value of the 
signal and dividing this by RMS noise.  The ratio was calculated using the Equation 
3-4. 
 _`  20log _  `
Ua=UaU`a=Ua  (3-5) 
 
The distance between the transmitter and receiver was set at 0.5 metres under 
controlled free space transmission conditions.  The noise was measured to be 
approximately 2mV RMS, and the calculated signal to noise ratio was 15.6 dB. 
 
3.7 Conclusion 
This chapter discussed the details procedure for the transmitter and receiver design.  A 
continuous wave signal was used to demonstrate the functionality of the system 
designed.   
Based on the system design, it can be deduced that parameters obtained were as 
follows. 
  Expected system design System parameters 
obtained  
Transmission distance : 1 metre 1 metre 
Bandwidth : 10 Mbits/s 13 Mbits/s 
SNR : ≈ 10 dB ≈ 15.6 dB 
BER : 10-4 to 10-6 Refer to Chapter 6 
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From the measurement, the target bandwidth obtained is far better than expected.  
Furthermore, a bit rate of 3Mbit/s was obtained from the expected system design.  The 
15.6 dB SNR value was obtained from the measurement.  The SNR needs to be as high 
as possible since higher SNR values obtained means that the system will offer better 
transmission performance.  Thus, a better system has been designed; unfortunately, the 
value of SNR will be degraded as the distance increases.  Other possible reasons for 
SNR degradation might come from the idea that the performance of OWC systems is 
limited by the power constraint at the transmitter, by receiver sensitivity and by limits 
on the available optical gain.   
The BER parameters will be covered in Chapter 6.       
Furthermore, the IRLED, other electronic devices and the receiver itself, limited the 
modulation bandwidth of the system.  However, there is a trade-off between the 
modulation bandwidth and the system gain.  All measurements from this point forward 
will be based on a 13 MHz bandwidth system, without using any lens or concentrator. 
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Chapter 4 : Channel Characterization 
– Line-of-Sight Transmission 
4.1 Introduction 
The design of a wireless communication system in a narrow confined space using an 
infrared signal carrier needs extensive understanding regarding the behaviour of the 
infrared channel itself.  This involves channel measurements under different 
environments and using different optical arrangements for a clearer understanding of 
the OW channel characteristics, in this case, in representing tubes to emulate the kind 
of spaces, which might be available in vehicular applications.  Such measurements 
could thus provide an in-depth understanding of the channel behaviour under different 
environments.  Measurements are also essential in providing required knowledge 
about reflections and noises that are encountered in actual application of this system.  
For example, the performance of the system will generally be affected by transmit- or 
receive angles, the physical geometry of the channels, and the materials from which 
the channel are made.  The effects of these factors are  essential subjects for 
investigation for optical wireless communications within vehicular applications.  The 
aim of this chapter is to understand the behaviour of an optical wireless system in 
representative straight tubes (line-of-sight link) at first, and to investigate the 
practicality and explore the performance of a realistic system design, based on a 
physical demonstrator, build for the purpose.  
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4.2 Ideal LOS link 
In practice, LOS channels are preferable in indoor OW transmission because optimum 
channel condition are provided using direct links, meaning the best transmission 
performance in terms of power and bandwidth being made available.  Ideally, LOS 
may be described as the link condition without fading, for which the theoretical channel 
model can be expressed as Equation 4-1. 
 
  _
 ∗ b
  
 (4-1) 
where 
	 is the received signal, _
 is the transmitted signal, b
	 is the channel 
response, 
 denotes the total channel noise (defined as the sum of both shot noise and 
thermal noise) and *	represents the convolution operator.  For the purpose of this study, 
the noise sources only originate from origins within the transmitter and due to front-end 
aspects of the receiver itself, as the transmission in being done in the tube, and external 
light sources do not affect the link, unlike an open-air free space link. 
   
 
Figure 4-1 LOS link model [94] 
Figure 4-1 presents the mode of the LOS channel as a baseband linear system, with 
d	
 being the instantaneous input power, e	
 being the output current, ℎ	
	being 
the channel impulse response,  being the photodetector responsivity and `	
 being 
the additive noise. 
The channel could also be described in terms of its frequency response [39] 
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 b1
  	f ℎ	
6=gZ+hI	i	j
=j
	 (4-2) 
which is the Fourier transform of ℎ	
.  It is usually relevant to model the channel ℎ	
 ↔
b1
 as fixed, since it commonly changes only when the transmitter, receiver or reflecting 
elements are moved by relatively significant amounts, such as a few centimetres in the 
practical case.   
Frequency response is the fundamental characterisation investigated here in this study. 
The transmission in the tubes has virtually unlimited bandwidth in principle, excluding 
the limitations due to the optoelectronic circuitry at the transmitter and the receiver, 
that is, the useful bandwidth usually is limited by the electronic parts that build up the 
transmitter and receiver, rather than by the optical components.  Thus, the frequency 
responses of the systems investigated were determined by characterising the OW 
transmission channel in the representative tubes.  
The channel characterization relates the transmitted and received optical power via [39] 
 H.  b0
HI 										l
 (4-3) 
where, HI is the transmitted optical power, H. is the received optical power and b0
 is 
the path loss.  Path loss is defined as the integration of the channel impulse response ℎ	
 
considering the reflections from the walls, ceiling, and other objects as [95][96].  
 b0
dB  −10	log>(f ℎ	
i	
j
=j
 
(4-4) 
 
This estimation is particularly accurate in the LOS link, as in Figure 4-2.   
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Figure 4-2 Vertical assessment scenarios 
 
For the geometrical link, the LOS channel path loss is defined [39]  
 b0
Jop  	qrsiZ (	t
cos	u
 
(4-5) 
where, qrs is the PD active area, i is the distance between transmitter and receiver, t is 
the angle with respect to the transmitter, u is the angle with respect to the receiver and 
(t
 is the transmitter radiant intensity given by Equation 4-5 [39]. 
 
 (	t
  	 v  12 w cosRt
									l "⁄ 
 
(4-6) 
   	 ln 2lncos ?
 
(4-7) 
where, ? is the transmitter beam angle, mode number  of the Lambertian radiation pattern 
determines the beam width. 
 58 
 
4.3 The tubes 
The OW channel measurements were carried out in nine different environments, as 
shown in Figure 4-3 and listed in Table 4-1.   
 
Figure 4-3 Representative tubes 
 
The controlled free space (indicated as I) were used as a benchmark for the 
measurement in various tubes.  The inner tube were not coated/painted, as this will 
affect the way IR interact on the tested materials.  Types and thickness of inner 
coat/paint will act differently and thus will not provide the desired results. 
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Table 4-1 experimental materials 
Items Material Dimension Measured reflection 
coefficient 
A Circular cardboard tube 40mm diameter 0.1 
B Circular plastic tube 35mm diameter 0.1 
C Circular mild steel tube 35mm diameter 0.3 
D Square aluminium 6082 tube 40mm x 40mm 0.3 
E Square aluminium 6082 tube 20mm x 20mm 0.3 
F Circular aluminium tube 20mm diameter 0.4 
G Circular galvanised aluminium tube 35mm diameter 0.2 
H Square mild steel tube 40mm x 40mm 0.1 
I Free space (controlled 
environment)   
 
The reflection coefficient in Table 4-1 is the ratio of the amplitude reflected wave of 
the material and the amplitude of the incident wave on a silver glass mirror (assumed 
to have perfect reflection) as   
 reflection	coefficient#}[S~.}  	#[I}.[#...  
(4-8) 
where #[I}.[ is the reflected voltage of the material under test and #...is the 
reflected voltage of the silver glass mirror. This coefficient is essential in 
characterizing the tubes and is measured using simple measurement procedures as 
illustrated in Figure 4-4(a).  The values of the reflection coefficient measured are 
considerably lower than the expected values.  The surface roughness of the inner side 
of the material is probably the major factor in this as it was not possible to determine 
the surface roughness appropriately, and inner material could be coated for protection 
purposes. 
The ideal condition is to carry out the measurement at normal incidence, unfortunately 
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taking consideration of the geometrical shape, size and angle of half intensity of the 
emitter and photodiode, it is impossible.  As reflection coefficient varies with angle, 
higher at normal incidence and larger at wider angle, thus having a small angle of 
incidence is an advantage.  The emitter and photodiode was placed side by side to 
achieve as smallest angle of incidence as possible, and the measured angle of incidence 
was 30⁰.			 
 
(a) 
 
(b) 
Figure 4-4 Reflection coefficient measurement setup 
 
A thick (1mm) black cardboard was used as a shield to isolate the beam getting into 
the receiver.  The shield chosen was opaque to the IR beam.  The same cardboard with 
a 5mm diameter circular opening, as in Figure 4-4(b) was placed on the tube under test 
circular opening will be reflected back to the receiver.  Thus, the detector was 
constrained to look at the one point corresponding to a symmetrical incident of 
reflection.   
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4.4 Channel measurement setup 
The experimental setup for the channel measurement was as in Figure 4-5, where the 
transmitter and the receiver were aligned in the centre of the tube.  The system was 
measured using a continuous wave (CW) modulated source at different frequencies 
(ranging from 10 KHz to 35 MHz) in different tubes of length 0.5 metre and 1 metre. 
 
 
Figure 4-5 Channel measurement experimental setup 
 
4.5 Channel characterisation by measurements 
This section concentrates on the channel characterisation for the line-of-sight (LOS) 
transmission. The measurements for the transmission within the tubes were compared 
with transmission in the free space as characterized in Chapter 3.  Three criteria were 
considered to quantify the characteristic of the transmission: the frequency response, 
the optical power, and the path loss.  
4.5.1 Divergence angle 
Geometrical calculations were undertaken to determine how much transmitted light 
would have entered the photodiode.  Based on Figure 4-6, the divergence angle was 
calculated, and at a distance of 1 metre the amount of light which entered the 
photodiode was determined. 
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Figure 4-6 Divergence angle 
 
The half-viewing angle is 3°, thus	cos 3    ⁄  	1  ⁄ . Therefore,   0.999⁄ 
1.001. Now, sin 3    ⁄ , thus   	0.052 × 1.001  0.052	%  	52	%%. 
Based on the calculated divergence angle and the inner dimension of the tubes, the 
number of reflections in each tube could be calculated, as indicated in Figure 4-7, using 
the following formula: 
tan 3°  	 i 
∴	 i	  	 tan 3° 
Number	of	reflections  	 76	ℎ	!1		62i  
 
Figure 4-7 Determination of the number of reflections in a straight tube. 
 
In a 20 mm diameter tube, the number of reflections was three, whereas in the 35 mm 
and 40 mm tubes, the number of reflections was only one.  The diameter of the tubes 
determined the number of reflections occurring within theme and was also related to 
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the reflection coefficient of the material.  Transmission in lower reflection coefficient 
tubes could be improved by using a smaller tube diameter.  
Table 4-2 shows the percentage of power loss at the end of each tube opening, before 
entering the receiver.  The losses were mainly due to the number of reflections 
occurring within the tubes.  The loss percentage varied between 1.11% and 1.17% 
depending on the reflection coefficient and the inner diameter of the tube.  This shows 
that only approximately 98% of the transmitted power can enter the receiver.  
Additionally, the use of a narrow beam transmitter also helped to concentrate the 
power into the receiver. 
Table 4-2 power loss 
 A  B  C  D  E  F  G  H  I  
No of 
reflections 1 1 1 1 3 3 1 1 0 
loss 
percentage 1.17% 1.16% 1.14% 1.16% 1.14% 1.11% 1.13% 1.17% 1.17% 
 
4.5.2 Frequency response 
Channel frequency responses are based on the frequency profiles obtained at 0.5 and 
1 metre distances.  The transmitter and the receiver are aligned to obtain the highest 
received signal, and remain at the same position throughout the process.  The 
normalised response for each of the tube at different transmission distances is plotted 
in Figure 4-8 through to Figure 4-16.   
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Figure 4-8 Circular cardboard tube normalised response 
 
Figure 4-9 Circular plastic tube normalised response  
 
Figure 4-10 Circular mild steel tube normalised response 
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Figure 4-11 Square aluminium tube normalised response 
 
Figure 4-12 Square aluminium tube normalised response 
 
Figure 4-13 Circular aluminium tube normalised response 
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Figure 4-14 Circular galvanised aluminium tube normalised response 
 
Figure 4-15 Square mild steel tube normalised response 
 
Figure 4-16 Free space normalised response 
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For all the plots, the normalised response has the same pattern and the 3-dB cut-off 
frequency is about 13 MHz from the constant relative response, except for the 
transmission in circular cardboard tube, square mild steel tube and free space.  The 
transmission for the 0.5 m cardboard tube is acceptable, unfortunately for the 1 m 
transmission, there was no signal detected at the receiving end.  The same occurred 
within the transmission in the square mild steel tube - there was no signal detected at 
the receiving end for a 1 m distance.    
The surface condition of the materials plays an important role in reflecting of the 
signal. All the tubes with shiny inner surface will specularly reflect light efficiently.  
While the matt or dark inner surfaces diffuse light reflection in broad range of 
directions and the received signals are hardly detected at the receiving end as the 
distance between the transmitter and receiver is substantial in terms of wavelengths. 
A weak signal is detected in free space transmission, as the signal power has been 
dispersed to different angle and absorbed by the thick cloth used to cover the testing 
area (controlled environment), and does not benefit from reflections in transmission as 
in the controlled setup. 
Figure 4-17 and Figure 4-18 show the only difference for the transmission within the 
tubes, which is the relative response gain.  They show that the materials with a high 
reflection coefficient receive a much higher power compared to the ones with a lower 
reflection coefficient.  The worst power received is the transmission over free space 
where weak signal were detected in 0.5 m distance and no signals were detected in 1 
m transmission distance. 
From the plots, the circular aluminium (F) and galvanised aluminium (G) tubes have 
the highest response.  Although the reflection coefficient of the circular aluminium 
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tube is high, the inner diameter of the tube is small.  This demonstrates that the inner 
dimension of the tube also plays an important role for better transmission as it also 
determines how many reflections occur within it.  The transmission could be improved 
either by using high reflective coefficient material or by using a small tube diameter.   
Clearly, the shape of the frequency response is almost identical, and the only difference 
is in the amplitude of the received signal.  The response at 0.5 metre and 1 metre are 
almost the same.  Unfortunately, for the free space transmission, the received signal is 
weak at 0.5 metre, and no detectable signal was received over a 1 metre range. 
4.5.3 Optical power 
4.5.3.1 Transmitted optical power 
The most relevant parameter for wireless transmission is the radiometric optical power, 
in Watts.  However, this parameter was not provided in the data sheet.  Therefore, 
measurements were executed to estimate the transmitted optical power, Pt in watts for 
the particular IRLED.  The IRLED radiometric powers for the devices used were 
measured using a Thor Labs power meter with an S314C power sensor as in Appendix 
A.  This thermal power sensor is designated for broadband optical power 
measurements of 100 µW to 200 W power sources.  The thermal sensor coating has a 
flat spectral response over a wide range of wavelengths.  The transmitted power was 
measured, back-to-back, in between the IRLED and the S314C sensor.  The power 
measured increased relatively linearly at different IRLED forward currents, as shown 
in Figure 4-19.   The photometric power outputs were also measured using an Ealing 
photometer, as in Figure 4-20, which gives a proportional indications of the 
radiometric power detected. 
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Figure 4-17 Normalised response at 0.5 metre range 
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Figure 4-18 Normalised response at 1 metre range 
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Figure 4-19 Radiometric output power for different IRLED forward currents. 
 
 
Figure 4-20 Photometric output power for different IRLED forward currents. 
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4.5.3.2 Optical power received  
Based on the number of reflections discussed in Section 4.5.1, a channel model based 
on reflection presented in reference [24] was developed.  According to the  Lambert-
Phong pattern model based on reflection described in the reference, the intensity of 
Lambert pattern was specified by Equation 4-9 and Equation 4-10 , which represents 
the incident optical power [24]. 
 H, ∅,%
  	HL%  1
2  !"# 
(4-9) 
where θ is the angle between the initial direction of the beam and the direction of 
maximum power, Ø represent the azimuth angle, m is the Lambert exponent defining 
the width of the beam and PTx is the transmitted optical beam power. 
 HU  q

iZ H, ∅,%
cosφrect 
t
 (4-10) 
in which AR is the photodiode detecting surface area, d is the distance between the 
emitter and the receiver, φ incident angle of incident light, and FOV is the field of 
view. 
Experimental measurements were obtained to discover the received optical power and 
the path loss for the demonstration scenario.  Figure 4-21 illustrates the optical power 
received over distances based on the power transmitted in Section 4.5.1.  The 
measurement was done using the Ealing photometer.  The received power drastically 
reduced as the distance increased.  The detected optical power measured in each tubes 
are different depending on the size, geometry and the reflection coefficient of the tubes 
at a given range, as will be discussed in the following section.  Smaller tubes 
dimensions gave a high-detected optical power compared to larger tubes.  Based on 
the plot, the tubes with smaller dimensions and with high reflection coefficients give 
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better performance.  
 
Figure 4-21 Received optical power plotted against separation distance. 
 
Figure 4-22 tabulates the received optical signal for 20 mm, 35mm and 40 mm 
diameter tubes at 0.5 metre and 1 metre ranges.  The plot shows that the optical power 
received is higher in a smaller tube diameter and in shorter tube range.  As the tube 
diameter and the distance increases, the optical power detected weakens accordingly.  
In the 20 mm tube, the circular aluminium tube offers higher optical power received 
compared to the square aluminium tube.  The change in the geometrical shape of the 
tube might also reflect the result of the angle of incidence in the square tube that has a 
sudden change instead of a gradual change in the circular tube.  Furthermore, the light 
rays might still be contained in the tubes rather than increasing the fraction of light as 
a result of reflections in a wide range of directions and some might be reflected back.  
The results for the 35 mm tube are contradictory for 0.5 metre and 1 metre ranges.  At 
0.5 metres, the next to the lowest optical power received was in circular plastic, 
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circular mild steel and circular galvanised aluminium tubes, but at a range of 1 metre, 
the order was circular galvanised aluminium, circular mild steel and circular plastic 
tubes.  This is as the circular galvanised aluminium and circular mild steel tubes have 
better reflection properties compared to the circular plastic tube. This shows that 
highly reflective surfaces such as circular galvanised aluminium tubes are suitable for 
longer transmission ranges.  In the 40 mm tube, the detected optical powers for circular 
cardboard and square mild steel tubes are very similar at 0.5 metre and 1 metre ranges, 
as the reflection coefficient is nearly the same, as shown in Figure 4-23.   
Figure 4-23 tabulates the received optical signal against reflection coefficient at 0.5 
metre and 1 metre ranges.  The optical power received is higher at larger reflection 
coefficient and decreases accordingly as the reflection coefficient gets smaller.  From 
the plot, the circular aluminium tube with smaller diameter size and higher reflection 
coefficient has highest detected received signal at 0.5 m and 1 m separation ranges.  
The plot also proves that the tubes with smaller diameter produced higher detected 
signals at the receiving end.  This results from the advantages of smaller tube diameters 
having higher reflection coefficient values, in addition to smooth shiny surfaces.   
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Figure 4-22 Received optical power plotted against tube diameter at 0.5 metre and 1 
metre range. 
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Figure 4-23 Received optical power plotted against reflection coefficient at 0.5 metre 
and 1 metre range. 
 
4.5.3.3 Path loss 
In optical wireless communications, the concept of path loss is used to characterize 
how the power of the transmitted signal varies as a function of distance.  The path loss 
is defined by the following equation [97] 
 HJiV
  −10	 log>( HHL 
(4-11) 
where H is the received power and HL  is the transmitted power. 
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The measured LOS path losses are illustrated in Figure 4-24.  The path loss is very 
different in different tubes at the same link distances.  Path loss increased linearly for 
all of the tubes, and the tubes with a small diameter have the lowest path loss.  The 
path loss for the free space situation deteriorates rapidly after a distance of 0.5 metre, 
as well as for the cardboard and steel tubes.  In other tubes, the optical beams still 
could be measured at the receiving end, even though the received signal was weaker 
over the distance.  
The path loss increases rapidly in free space, plastic tubes and mild steel tubes as the 
optical waves are diffusely reflected by light coloured object (plastic tube) and 
absorbed by dark objects (free space, under controlled conditions, and mild steel 
tubes). 
 
Figure 4-24 LOS path loss at different separation distances 
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4.6 Conclusions 
In this chapter, the channel properties of the LOS demonstration system were 
described by the following parameters: the material reflection properties, frequency 
response and path loss. 
The reflection coefficient of each of the tubes was measured in order to investigate the 
effect of the materials parameter during the transmission of light signal within the test 
tubes.  The measured reflection coefficients were considerably lower than the expected 
values, as they were measured based on the test conditions (circular or square shapes) 
instead of a flat piece of material.  The result might have slight differences as the angle 
of incidence and the way light reflected and composition of combination of specular 
and diffuse reflection may differ and affect the findings. 
The number of reflections within each test tube was also estimated based on the light 
reflection law and divergence angle.  The highest number of reflections within these 
straight test tubes is 3, which occurred within the smallest tube sizes (20mm circular 
and square aluminium tubes). Only 1 reflection was estimated to happen within the 
other test tubes. 
The upper and lower 3-dB frequencies for LOS transmission in the tubes are nearly 
the same.  It can be concluded that the tubes do not significantly change the frequency 
response, when the bandwidth of the optoelectronics is linked to 13 MHz.  The only 
effect that the tubes have so far is because of the differences of reflection coefficient 
and geometry of the tubes relative to beam spreading, and acceptance angle of the 
receiver. The limitation of the transmission comes from other factors, such as the 
optoelectronic devices at the transmit end, and at the receiver itself. 
The size, geometry and reflective properties of the tubes mainly determine the received 
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signal power level at any point.  The experimental works proved that transmission 
through small tube with higher reflection coefficient was great.  As the tube diameter 
increased the detected optical power get worsen.  Further, the received optical power 
also deteriorates in the lower reflection coefficient tube.   
Analysis on the received optical power within different tubes size proved that smaller 
test tubes, with high reflection coefficients have higher detected optical signals at the 
receiving end.  
The experimental work also demonstrated very large path loss results for large distance 
links, demonstrating that, at greater ranges, the link is very much power-limited.   The 
detected optical power is related to the path loss.  A high-powered source is necessary 
at longer ranges, especially with large tube diameter with low reflection coefficient 
where the path loss becomes very large. 
Thus, this chapter suggested that transmission using optical wireless communication 
technology within smaller in size and high reflection coefficient material are promising 
in straight tubes, in addition to the need for a good transmitter and high sensitivity 
receiver. 
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Chapter 5 : Channel Characterization 
– Non Line-of-Sight Transmission 
5.1 Introduction 
LOS systems are capable of high transmission capacity, however they have the 
problem of alignment in practical communication links.  Non-Line-of-sight (NLOS) 
systems, in contrast, permit roaming but offer lower bandwidths.  NLOS 
communication systems rely on the reflections of light from any diffusely-reflecting 
surfaces which have been illuminated from elsewhere [98].  However, multipath 
dispersion arising from surface reflections can degrade the performance of an NLOS 
system, in terms of SNR and potential data rates.  This chapter aims demonstrate that 
OW systems can operate around confined spaces and corners, and, in order to assess 
the performance of NLOS systems, the  effect of representative different tube 
configurations were set up, using the types of configurations as below:  
(1) Straight tubes with angle transmitter and receiver orientation 
(2) Bending tubes at different angles 
Furthermore, in any diffuse system, the position of the transmitter plays a critical role 
in the power levels at various point along any tube or route otherwise defined. 
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5.2 NLOS Channel model 
In the NLOS case, the light redirected by any reflecting object is taken into account.  
The received power in the NLOS case is commonly given by [99] 
 
H.  bJop
HI 	b\Jop
HI (5-1) 
 
H.  	bJop
HI  HIb


	 (5-2) 
where bJop
r is the average received power of the unobstructed LOS path, and 
b\Jop
ris the channel DC gain on LOS and reflected path b
.  The noise 
considered comes from the noise sources, which were discussed in Section 3.6. 
 
5.3 Reflection characteristics 
The reflection attributes of the surfaces rely upon on few aspects, for example, material 
surface properties, wavelength of the incident radiation, and the angle of incidence.  
The shape of reflection pattern is controlled by the irregularity of the surface in respect 
to the wavelength.  According to [13], the Rayleigh criterion is best used to determine 
whether a surface is smooth or rough.  A smooth surface reflects incident rays in a 
very predictable manner, in agreement with the laws of reflection.  A surface may be 
assumed as smooth, if [13] 
 
ζ<	   ¡¢
 (5-3) 
where ζ is the maximum height of the surface irregularities, λ the wavelength of the 
incident radiation and θi the angle of incidence with respect to the surface.  
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A surface is assumed rough when ζ > 0.1µm.  This demonstrates that the majority of 
the surfaces are rough for the mentioned λ value, yielding diffuse reflection patterns, 
in this manner supporting the utilization of a Lambertian reflection pattern in channel 
models.   
 
5.4 Received power 
This investigation is closely interrelated to the work on indoor environments, therefore 
the power distribution profile in a tube was related to the power distribution profile of 
optical wireless communication in a room.  Some of the established algorithms used 
to estimate the impulse response are: the recursive method [33], the statistical approach 
[34], the DUSTIN algorithm [35], the ceiling bounce model [100], Monte Carlo 
simulation [36], the Modified Monte Carlo Scheme [37], and Iterative, Site-Based 
Modelling [38].  Every one of these models was constructed just with respect to the 
single transmitter circumstance.   
The recursive method is commonly employed, as it concurs well with empirical results 
and recursive methods are able to compute the impulse response for any number of 
reflections. This allows accurate power distribution analysis and impulse response 
analysis.  However, the results from the simulation are not always the best, as the 
approach is based on the idealized transmitter, reflector and receiver models.   
 
5.5 Straight tubes 
This section describes measurements that were performed to explore the effect of 
changing the transmitter or receiver orientation angle on the transmission link.  The 
infrared channel was characterized by measuring the detected optical power intensity 
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using photometer.  The experimental setup was as in Figure 5-1.  Only the transmitter 
or the receiver was rotated in steps of 15⁰ each time.  By rotating the 
transmitter/receiver angle, the number of reflections/bounces occurring in the tubes 
increases and did not comply with the one calculated in Section 4.5.1.   
 
 
Figure 5-1 Transmitter and receiver orientation experimental setup. 
 
5.5.1 Received optical power at different transmission angles 
The results for the transmission medium at 0.5 metre and 1 metre distances were 
determined, as Figure 5-2 and Figure 5-3 respectively.  The plot illustrates that the 
power intensity reduced as the angle increases.  Similar trends were obtained for both 
0.5 metre and 1 metre separation distances.  The received signal was good at 
transmission angles less than 15°.  As the transmission angle increased, the received 
power detected decreased significantly.  The detected optical power intensity was high 
for the highest reflection coefficient materials and for smaller cross sections, and vice 
versa. 
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Figure 5-2 Received power at different angles (0.5 metre distance). 
 
 
Figure 5-3 Received power at different angles (1 metre distance). 
 
Thus, slight misalignment between the transmitter and the receiver resulted in a 
considerable loss of optical power.  The combination of material property (reflection 
coefficient) and geometrical property both played a very important role in determining 
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the detected optical intensity at the receiving end. 
If the received optical power density is H£¤¥, and the measured angle is θ, then 
 
H£¤¥ 	≈ q. 6=a§ watts/cm2 (5-4) 
where the constants A and k	can be determined for the case of each material and each 
geometry (the geometry to include the length of tube and the tube diameter). 
 
5.5.2 Path loss 
 
Figure 5-4 Path loss at different angle (0.5 metre distance). 
 
The path loss curves for a 0.5 metre distance shows that cardboard tube (A) and mild 
steel tube (H) have the highest path loss, as the diameters of these tubes are large.  The 
smaller aluminium tube (F) has the lowest path loss, even though the reflection 
coefficient is low.  This closely agrees with the optical power received discussed in 
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Section 5.4, the lowest power detected at the receiving end with the highest path loss, 
and vice versa. 
 
Figure 5-5 Path loss at different angle (1 metre distance). 
 
At a 1 metre separation distance, the path losses were plotted, as in Figure 5-5.  The 
path loss for the 0.5 metre and the 1 metre separation distances have very similar 
curves.  The path loss increased drastically as the transmitter/receiver angle increased 
up to 15° angles.  After this angle, there is a slight increase to the path loss according 
to the increase in the separation distances.    
The investigation on the straight tube demonstrated that the transmission demonstrates 
a considerable susceptibility to the direction/degree of rotation of the 
transmitter/receiver.  Substantial variety between power received and path loss 
detected within the tubes, at orientation between 0° right up to 15° angles, was 
identified.  The transmission at an orientation of more than 15° was almost non-
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existent, and thus not suitable at all for optical wireless communications. 
                                                                                                                   
5.6 Bend tube measurements 
Measuring the received power for the bent test tube using existing circuitry resulted in 
low optical power detected at the receiving end.  A considerate amount of received 
power was detected when using a shorter bent tube.  The power required to test bent 
tubes was found to be high.  Thus, the modulator circuit discussed in Chapter 3 was 
modified, where the transistors, Q1 and Q2, were changed to the high output power 
transistor, type SC5707 and the IrLED was parallel to gain more power from the 
transmitter.  Four IrLEDs were used to provide enough power for receiving a 
measurable signal at the other end of the system. 
The modified circuit was as shown in Figure 5-8, and the IrLED arrangement was as 
in Figure 5-6.  Resistors R1 – R9, IrLEDs LED2 – LED4, and capacitors C5 –C7, were 
added to the previous circuit.  The total number and the arrangement of IrLEDs were 
chosen, as in the figure, so that they fitted into the smallest tube opening (20mm square 
and circular aluminium tubes).  The array of four IrLEDs produced 54.48 mW of 
radiometric output power, or 44.58mW/cm2 of photometric output power.  There was 
a discrepancy of about 2% between the output calculated for one IrLED (13.34 mW) 
multiplied four times, and the actual power output of the array of four IrLEDs (54.48 
mW).   
Figure 5-7 illustrates the frequency response of the transmitter based on the array of 
four IrLEDs.  There is a slight reduction in the bandwidth, but it is always a 
compromise in between the power and the bandwidth, the latter having reduced to 6 
MHz.   
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Figure 5-6 Array of four IrLEDs arrangement. 
 
 
Figure 5-7 Frequency response of array IrLEDs transmitter 
 
The study on the transmission in the bend tubes was performed in two categories, (1) 
plastic tubes, and (2) metal tubes.  The study of the transmission in these media is 
discussed in detail, in the following section.   
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Figure 5-8 Array of four IrLEDs transmitter circuit 
 90 
 
5.6.1 Plastic tubes 
Investigation on plastic tubes concentrated only on four bending shapes, as in Figure 
5-9.  The tubes had the same inner diameter, which was 35 mm, but they were of 
different lengths and bend angles. 
 
Figure 5-9 Experimental materials bent through different angles – Plastic. 
 
5.6.1.1 Frequency response 
Figure 5-10 shows the normalised response of bent plastic tubes.  The response for B1 
was unable to be measured, as the noise level was high for the measured bandwidth.  
Furthermore, light rays are diffusely reflected by light coloured objects.  Most of the 
transmitted light will also be reflected backwards when the bending angle is 90°.  
Figure 5-11(a – d) to Figure 5-14(a – d) show the captured waveforms for B1 – B4 at 
various modulation frequencies from 100 kHz up to 5 MHz.  The waveforms show the 
transmitted and the received signals at different frequencies.  It is clearly seen that the 
output/received waveform still could be detected at higher frequencies, including B1, 
B1 
B2 
B3 
B4 
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although the noise level is considered high.  A clean waveform could be obtained by 
increasing the transmitted power.  However, the transmitted power should comply with 
eye safety regulations. 
 
 
Figure 5-10 Normalised response of plastic tube. 
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(a) 100 kHz 
 
(b) 500 kHz 
 
 (c) 1 MHz 
 
(d) 5 MHz 
Figure 5-11 Waveforms of B1 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
 (c) 1 MHz 
 
(d) 5 MHz 
Figure 5-12 Waveforms of B2. 
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(a) 100 kHz 
 
(b) 500 kHz 
 
 (c) 1 MHz 
 
(d) 5 MHz 
Figure 5-13 Waveforms of B3. 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
 (c) 1 MHz 
 
(d) 5 MHz 
Figure 5-14 Waveforms of B4. 
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5.6.1.2 Optical power received and Path loss 
Table 5-1 shows the optical power measured at the receiving end, whereas Table 5-2 
shows the path loss in the plastic tubes derived from these measurements.  B3 received 
a high optical power, followed by B4, B2 and B1.  As the received optical power is 
inversely related to the path loss, then B1 has the highest loss, followed by B2, B4 and 
B3.   The trend shows that the longer the length the higher the loss, as might be 
expected.  The optical signal-to-noise ratio (SNR) can then be calculated based on the 
measured data and recorded in Table 5-1.  The SNR was calculated, based on the 
ratio of signal power to the noise power detected by the photo/power meter.  The noise 
power measurements at the receiver were taken when the transmitter was turned OFF. 
 
Table 5-1 Received optical power for plastic tubes. 
Frequency 
(MHz) 
B1 B2 B3 B4 
Transmitter 
off 
9.80E-06 8.10E-06 8.70E-06 6.40E-06 
0.500 1.60E-05 2.63E-05 1.30E-04 1.12E-04 
1.000 1.56E-05 2.64E-05 1.34E-04 1.11E-04 
5.000 1.56E-05 2.56E-05 1.34E-04 1.11E-04 
10.000 1.61E-05 2.60E-05 1.32E-04 1.12E-04 
     
SNR (dB) 1.61 3.21 1.52 1.74 
 
Table 5-2 Consequent path loss for plastic tubes. 
 B1 B2 B3 B4 
Path loss (dB) 28.77 26.60 19.53 20.29 
 
The tube B3 had the lowest SNR (1.52 dB) followed by B4 (1.74 dB), B1 (1.61dB) 
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and B2 (3.21dB).  This shows that the increasing angle will increased the SNR level.  
B3 and B4 have a low SNR compared to B1, as the length of the tubes is shorter for 
the same bending angle (90° bend).  The path loss in Table 5-2 shows that the shorter 
tube length has a low path loss compared to the longer tube. 
 
5.6.2 Metal tubes 
Extra attention was paid to the metal tubes, as the interest of this study focused on 
aluminium and steel tubes, to imitate a real vehicle chassis.  A simple experiment, prior 
to the angle selection stage, was undertaken to establish likely parameters, especially 
angles and choice of particular materials.  The experimental setup of the physical 
arrangement is as shown in Figure 5-15. 
 
Figure 5-15 Experimental setup for identifying best angle selection. 
The transmitter was pointed at a metal plate at certain angle, and the received signal 
power was captured at the other end.  The distance, d, between the transmitter and the 
reflecting metal was the same as the distance between the reflecting metal and the 
receiver.  The metal plate used was an aluminium plate as the reflection coefficient 
was good compared to that of any other metal in hand.  The captured waveforms at 
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different angles were as in Figure 5-16 (a – e). 
Based on the results, three tube configurations, with 30⁰, 45⁰ and 60⁰ bending angles, 
were selected and fabricated, as in  
Table 5-3.  The total length of the tube is 1 metre, with a bend to a specific angle at 
the centre point.  The tubes were actually cut and welded in order to get a precise 
bending angle.  
 
(a) 15° bend 
 
(b) 30° bend 
 
(c) 45° bend 
 
(d) 60° bend 
 
(e) 75° bend 
Figure 5-16 Waveforms of best angle selection. 
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Table 5-3 Experimental metal tube bends 
Items Materials Items Materials 
C 
 
 
 
Circular mild steel tube 
 
F 
 
 
Circular aluminium tube 
D 
 
 
 
Square aluminium 6082 tube 
 
G 
 
 
 
Circular galvanised aluminium tube 
 
E 
 
 
Square aluminium 6082 tube 
 
H 
 
 
 
Square mild steel tube 
 
 
5.6.2.1 Number of reflections 
The estimation of the number of reflections within 20 mm and 40mm tubes is made in 
accordance with Figure 5-17.  The drawing is not to scale.  
30⁰ bend 
45⁰ bend 
60⁰ bend 
30⁰ bend 
45⁰ bend 
60⁰ bend 
30⁰ bend 
45⁰ bend 
60⁰ bend 
30⁰ bend 
45⁰ bend 
60⁰ bend 
30⁰ bend 
45⁰ bend 
60⁰ bend 
30⁰ bend 
45⁰ bend 
60⁰ bend 
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Figure 5-17 Determination of the number of reflections in 20 mm bent tube. 
 
Table 5-4 lists the estimated number of reflections in each tube. The calculations were 
based on the geometrical shape of the tubes and Snell’s law.  Appendix C shows their 
details. 
Table 5-4 Estimation number of reflections in bent tubes 
 30° bend 45° bend 60° bend 
20 mm tube 8 14 25 
35 mm tube 5 8 14 
40 mm tube 4 7 12 
 
5.6.2.2 Frequency response and waveforms 
Based on the improved transmitter circuit and new optical output power produced, 
only the signal transmitted through square aluminium ((20mm (E) and 40mm (D)), 
circular aluminium ((20mm (F)) and circular galvanised aluminium (G) tubes were 
manageable to measure the frequency responses.  For other metal tubes, at the receiver, 
the noise level was higher than the signal detected, and almost no signal was detected 
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in some of the tubes, although, with the help of lenses more signal could be received, 
as shown in Figure 5-18.  The waveform captured is the example from the circular 
mild steel tube at 30° bend. 
 
 
Figure 5-18 Circular mild steel tube captured waveform at 30° bend 
 
Table 5-5 to Table 5-8 show the measured normalised responses and waveforms for 
the above-mentioned metals, with and without the aid of a lens.  It is clearly seen that 
the use of the lens is not helpful at all.  The measured values between with and without 
lens does not have any significant improvement.  
The bandwidth for 30° bend maintained approximately at 6 MHz for all the tubes, 
unfortunately with different power level.  The bandwidth reduced drastically as the 
bending degrees increases.  No signals were detected at 60° bending except for in the 
circular galvanised aluminium tube.  The transmission through 20mm square 
aluminium tube is the worst at bending angle should not exceed 30° or else no signal 
were being detected.  
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Table 5-5 Square aluminium tube normalised response and waveforms 
D. Square aluminium tube normalised response 
 
 
at 30° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
 
(c) 1 MHz 
 
 
(d) 5 MHz 
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at 45° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
at 60° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
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Table 5-6 Square aluminium tube normalised response and waveforms 
E. Square aluminium normalised response 
 
 
at 30° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
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at 45° bend 
 
(a) 100 kHz 
 
at 60° bend 
 
(a) 500 kHz 
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Table 5-7 Circular aluminium tube normalised response and waveforms 
F. Circular aluminium tube normalised response 
 
 
at 30° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
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at 45° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
at 60° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
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Table 5-8 Circular galvanised aluminium normalised response and waveforms 
G. Circular galvanised aluminium tube normalised response 
 
 
at 30° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
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at 45° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
at 60° bend 
 
(a) 100 kHz 
 
(b) 500 kHz 
 
(c) 1 MHz 
 
(d) 5 MHz 
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5.6.2.3 Optical power received and pass loss 
Figure 5-19 tabulates the received optical signal against the number of reflections 
within the tubes.  It is clearly seen that, as the number of reflections increased, the 
received optical power reduced.  The highest optical power received is within the 20 
mm circular aluminium tube at 45° bend.  The optical power received was at the lowest 
value within the 60° bend tubes. 
Figure 5-19 Received optical power plotted against number of reflections. 
 
Figure 5-20 and Figure 5-21 tabulate the received optical power at 30°, 40° and 60° 
bends using the power meter and the photometer respectively.  Figure 5-22 and Figure 
5-23 plots the path loss at 30°, 40° and 60° bends.  The measurement demonstrates 
that the path loss increases as the transmission angle increases.  The lowest path loss 
is for the 20mm circular aluminium tube, but, unfortunately, the received power is too 
low.  The highest received optical power is the 40mm square aluminium (D), 20mm 
circular aluminium (F) and 35mm circular galvanised aluminium (G) at almost the 
same level.  Further, the path loss is the lowest in the 20mm circular aluminium (F) 
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(13.71dB), followed by that in the 35mm circular galvanised aluminium (G) (16.16dB) 
and 40mm square aluminium (D) (16.64dB) .  The path loss increased as the bending 
angle increased.    This proves that the path loss depends not only upon the size and 
the geometry of the tubes but also upon the reflection coefficient properties, as 
discussed previously. 
 
Figure 5-20 Signal to noise ratio (measured using power meter). 
 
 
Figure 5-21 Signal to noise ratio (measured using photo meter). 
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Figure 5-22 Calculated path loss (based on measurement using power meter) 
 
  
Figure 5-23 Calculated path loss (based on measurement using photo meter) 
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5.7 Conclusions 
This chapter has provided analyses of the channel properties of the NLOS 
demonstration system concentrating on the transmission angles in straight tubes and 
bending tubes.  The parameters examined in detail included the frequency response, 
optical power received and the path loss. 
The study shows that good transmission is likely to occur within the tubes with 
transmitter or receiver orientation angle less than 15o.  By means of the orientation 
angle increases, the signal power detected at the receiving end decreases.  As expected, 
the detected signal power is high for 20 mm square aluminium tube and 20 mm circular 
aluminium tube.  This shows that the smaller tube size in addition to high reflection 
coefficient properties will have lowest path loss.  Path loss is higher at 45 o and 90 o 
orientation angles. 
For the investigation of bent tubes, high transmit power was required as no signal were 
being detected at the receiving end using the existing system.  Thus, the circuit was 
modified by adding arrays of 4 IrLEDs in order to improve the transmitter output 
power.  A configuration of 4 IrLEDs was selected as this is the maximum number of 
IrLEDs that could be fitted inside the smallest tube opening of 20 mm square and 
circular tubes.  This array of IrLEDs produced 54.48 mW or 44.58 mW/cm2 output 
power and was sufficient to be detected at the receiving end of bend tubes.  The 3 dB 
cut-off frequency was reduced to 6 MHz, as this is the compromise between the power 
and bandwidth of the system. 
Investigation for the plastic tubes was carried out in 35 mm bent tubes with different 
lengths and bending angles.  Overall performance showed that the transmitted signals 
were barely detected at the receiving end, as the plastic was not a good reflector.  
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Moreover, the light rays were diffusely reflected by light coloured objects such as these 
pipes.  At higher frequencies, weak receiving signals could be seen at the receiving 
end but the noise level was  very high, especially for large bending angles.  The SNR 
was extremely low, between 1.52 dB to 3.21 dB 
The findings are that the channel is very dynamic, with a great degree of sensitivity to 
the orientation and degree of rotation of the transmitter and receiver.  There is a great 
variation between the optical received at different transmission angles in straight tubes 
and bent tubes.  The same is true for the frequency responses and path losses in both 
testing environments.  The frequency response reduced drastically as the transmission 
angle increased and the path loss increased as the bending angle increased.     
This chapter has demonstrated that the channel properties do not solely depend on the 
size and geometry of the tubes, but also the reflection coefficient properties.  As the 
number of reflection increases at larger bending angles, the received power is reduced 
although the tube diameter is small.  Small size tube and small bending angle results 
in higher detected optical power.  But then again, bending angle plays the most 
important factor in this context.   Combining the right tubes geometries with optimised 
reflection coefficients will boost the optical wireless transmission performance in 
those tubes. 
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Chapter 6 : Digital System 
Transmission – a prototype 
6.1 Introduction  
The main points of interest in optical wireless are the potential of vast transmission 
capacity due to the unregulated spectrum, the property of the optical wireless network 
to be restricted to the physical confines of the environment, and its immunity to 
electromagnetic wave propagation, all of which are well known.  These properties are 
also tremendously valuable to the application of optical wireless within a vehicle, 
especially as the medium for the transmission of control signals around the vehicle.  
Furthermore, the benefit of using this technology within the chassis of the vehicle 
reduces eye safety issues if high power emitters are required. 
The work by other researchers in the use of optical wireless within the vehicle is 
limited to the use in the cabin of the vehicle, and focus on the distribution of 
entertainment data, which was proposed as early as 1998 [12].  There are no technical 
developments, or ongoing research developments currently concerning the 
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transmission of signal in small confined spaces, such as in tubes, being studied by 
others, as far as can be determined by the author, which motivated the further 
investigation of the performance of optical wireless in tubes. 
In the previous chapters, transmission based on a sinusoidal wave was investigated in 
LOS and NLOS environments.  A generally good performance in an LOS environment 
is undeniable.  In contrast, experiments conducted in an NLOS environment similarly 
show a reasonable performance of optical wireless communication through metal 
tubes.  A further investigation, based on pulse signal transmission, is required to 
emulate a real environment.   
In general, an optical wireless transmission system is utilized to transmit random 
messages from a computerized data source to a digital information sink, fundamentally 
a bit stream, in a reliable and efficient way.  This chapter focuses on transmitting a 
square wave signal, so as to study the system performance in the NLOS environment.  
Even though this approach may not be the best method to study the performance of a 
real system, nevertheless, this could be the best way to initiate more studies, based on 
the results obtained.     
As was previously mentioned, this part of the study has concentrated on metal tubes 
only.  In order to explore the possibility of using OW system within a vehicle, the eye 
pattern of the transmission through each tube has been analysed. 
 
6.2 Methodology 
In this chapter, the most straightforward method, (short pulse techniques) were 
adopted in the measurements, to characterize a real system of diffuse channels.  A very 
short test waveform (pulse) was transmitted to probe a channel directly.  A similar 
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system diagram, as given in Chapter 5 was used in the procedures.  The system 
parameter is as listed: 
Input power : 54.48 mW or 44.58 mW/cm2 
Bandwidth : 6 MHz 
Target BER : 10-4 – 10-6 
Although a proper digital transmission setup was not used in the prototype system, the 
obtained results still can be used to estimate the digital performance of the 
demonstrator system designed. 
A 5V peak-to-peak input signal was generated using a simple 50% duty-cycle 
oscillator circuit for low frequencies, and a pulse generator for higher frequencies.  The 
resulting eye-diagram was obtained directly at the oscilloscope.  The pulse waveform 
at the input and output of the oscillator are as shown in Figure 6-1. 
 
 
Figure 6-1 Pulse waveform at the oscillator input, and the system output. 
 
It may clearly be seen that a substantial amount of ringing/overshoot at the rising and 
falling edge of the received signal was present.  A few methods were applied to reduce 
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the overshoot, such as adding a capacitor across the supply rail for improved power 
suppling decoupling, properly termination of the circuit stages, ensuring that the 
oscilloscope was in DC-coupled mode, and ensuring that all the components leads 
were short.  Unfortunately, the appearance of the ringing was still significant.  The 
reason why the signal exhibits ringing on the rising and falling edge was undetermined 
and further analysis need to be done.  
When the oscillator circuit was connected to the transmitter, and the output pulses were 
measured at the receiver, the waveform as in Figure 6-2 was obtained.  The overshoot 
at the falling edge was increased. 
 
 
Figure 6-2 Pulse waveform at the receiver output. 
 
As the ringing and overshoot problems were not a major concerned at this stage, the 
remainder of the experiment was adapted to cope with it.  Thus, the duty cycle of the 
signal will not be the concern from this point forward.  The most important parameter 
to be concentrated on was the eye opening of the received signal. 
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Table 6-1show the transmitted and received pulse, including the eye diagram at three 
different frequencies.  The measurements were done under free space within back-to-
back environment.   
At 500 kHz, the input signal is almost a perfect square pulse.  The duty cycle of the 
received signal is 30% and an overshoot occurs at the rising and falling edge of the 
received signal.  The overshoot at the falling edge is more obvious compared to the 
rising edge with 1.13V high measured from the top flat line.  An eye high of 7.26V 
was measured for the eye pattern.  At 1 MHz, the input signal exhibit ringing and the 
duty cycle of the received signal at 1 MHz is about 41.4%.  1.13V overshoot was 
measured at the falling edge.  The eye opening measured was 7.38V.  At 5 MHz, the 
transmitted and received signals are unable to be measured.  Further, the eye diagram 
was completely closed.   
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Table 6-1 Transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
 
 
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
 
  
 119 
 
6.3 Eye pattern 
The eye diagram is the most suitable method used for assessing the data transmitting 
and receiving capabilities.  The eye diagrams were obtained from an oscilloscope by 
superimposing the pulses on top of each other.  An eye pattern shows a relative 
performance of the detected signal.  In an eye diagram determination, the clarity of a 
preferred process between a logical “0” and “1” is resolved as the “openness” of the 
eye.  Generally, a clear and open eye was observed, demonstrating the ability of the 
receiver to detect a logical “0” and “1” correctly.   
The free space transmission measurements were done prior to the experiment through 
the metal tubes.  The measurement were done at back-to-back and at 1 metre distances.  
Table 6-2 and Table 6-3 shows the transmitted and received test waveforms, as well 
as the eye diagram for free space transmission.  For 500 kHz and 1 MHz frequencies, 
the eye diagram is clear as expected at both distances. Unfortunately, for 5 MHz 
frequency, the eye diagram is completely closed. 
The overshoot as explain in Section 6.2, are clearly present at the falling edge of the 
back-to-back received pulses.  The disturbances were also clearly seen on the eye 
diagram.  The overshoot could not be detected at longer distance, but as the distance 
increased, the duty-cycle worsened.     
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Table 6-2 Free space transmission: back-to-back - transmitted and received pulse 
with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-3 Free space transmission: 1 metre distance - transmitted and received pulse 
with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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The eye diagram of the test waveform through different materials at different bending 
angles is shown in Table 6-4 through to Table 6-21.  It clearly seen that the 
transmission in the circular and square mild steel tube (C and H respectively) is very 
impractical as the eye pattern are completely closed.  There is no detectable signal 
observable at the receiving end, and thus no possibility for an eye diagram to be present 
for all test conditions.  Thus, this system is totally unusable as it is impossible to 
recover data. 
Transmission through a 20 mm square aluminium tube (E) was good at a 30° bend, but 
the received signal degraded as the bending angle increased.  For a 45° bend, the noise 
was proportionally greater, but the eye remained open. The eye diagram for a 60° bend 
was considered to be completely closed. 
Overall, a clear and wide opening of eye width for 500 kHz and 1 MHz pulse signals 
shows the possibility of error-free transmission of data for 40 mm square aluminium 
tube, 20 mm circular aluminium tune and 35 mm circular galvanised aluminium tube.  
For the 5 MHz pulse signal, the eye is almost closed.  This reveals that the received 
signal for the high-frequency case is not acceptable with the system as designed.  
Transmission at a higher frequency reduces the signal quality, and any enhancement 
techniques would have to be considered to overcome for this effect. 
Based on this finding, the remainder of the investigation will only focuses on 40 mm 
square aluminium tube, 20 mm circular aluminium tube and 35 mm circular galvanised 
aluminium tube, concentrated on the SNR, Q-factor and BER. 
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Table 6-4 Transmission within 35mm circular mild steel tube at 30° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-5 Transmission within 35mm circular mild steel tube at 45° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-6 Transmission within 35mm circular mild steel tube at 60° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
 
 
 126 
 
Table 6-7 Transmission within 40 mm square aluminium tube at 30° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-8 Transmission within 40 mm square aluminium tube at 45° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-9 Transmission within 40 mm square aluminium tube at 60° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-10 Transmission within 20 mm square aluminium tube at 30° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-11 Transmission within 20 mm square aluminium tube at 45° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-12 Transmission within 20 mm square aluminium tube at 60° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-13 Transmission within 20 mm circular aluminium tube at 30° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
 
 
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-14 Transmission within 20 mm circular aluminium tube at 45° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
 
 
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
  
 134 
 
Table 6-15 Transmission within 20 mm circular aluminium tube at 60° bend - 
transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
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Table 6-16 Transmission within 35 mm circular galvanised aluminium tube 
at 30° bend - transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
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Table 6-17 Transmission within 35 mm circular galvanised aluminium tube 
at 45° bend - transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
 
 
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
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Table 6-18 Transmission within 35 mm circular galvanised aluminium tube 
at 60° bend - transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-19 Transmission within 40 mm square mild steel tube 
at 30°  bend - transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
  
(a) Test waveform at 500 kHz 
  
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
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Table 6-20 Transmission within 40 mm square mild steel tube 
at 45°  bend - transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
 
 
(b) Test waveform at 1 MHz 
  
(c) Test waveform at 5 MHz 
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Table 6-21 Transmission within 40 mm square mild steel tube 
at 60°  bend - transmitted and received pulse with eye pattern at different frequency 
Transmitted and received pulse Eye pattern 
 
 
(a) Test waveform at 500 kHz 
 
 
(b) Test waveform at 1 MHz 
 
 
(c) Test waveform at 5 MHz 
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Three fundamental performance measures of the system are discussed as follows: 
6.3.1 SNR 
As the 35 mm circular mild steel tube and 40mm square mild steel tube having badly 
distorted eye pattern, the remainder of the investigation will omit these two sample.  
Furthermore badly distorted eye pattern indicated that the system totally could not be 
used.  Figure 6-3 indicates the measured SNR at the receiver at 500 kHz, 1 MHz and 
5 MHz.  This measurement was critical, as the BER characteristics of each detected 
signal were dependent on it.  Detected signals having a high SNR were given more 
weight than detected signals with a low SNR.   
Higher SNR value were measured at 30o bend in circular galvanised aluminium tube, 
measured at 30.6 dB.  Followed by 20 mm circular aluminium tube at 29.8 dB.  The 
SNR value keep decreasing with the increase of bending angle.  As the eye pattern are 
badly distorted at 45o and 60o bend, the SNR was unable to be detected for 20mm 
square aluminium tube.  The finding also proved that the SNR value above 15.6 dB 
discussed in Chapter 3, gives poor eye opening, which will lead to unacceptable BER 
and therefore are not suitable to be applied. 
Overall, the amount of distortion measured increased as the bending angle and 
transmission frequency increased.  More errors were presented in the transmission at 
higher wavelengths and over greater distances.  This was due to the path loss, which 
is increased as the transmission distance increased.  Furthermore, the transmission 
quality also degraded as the bending angle increased.  The other reason for errors in 
the transmission was the extension of the pulse, where a single “0” pulse appeared to 
be approximately triple a standard one, in its length.  The basis of the pulse extension 
was unknown, and requires further investigation.  
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(a) 500 kHz 
 
(b) 1 MHz
 
(c) 5 MHz 
Figure 6-3 SNR at the receiver at different frequency. 
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6.3.2 Relationship between SNR, Q-factor and BER 
Based on the SNR measured, the value of Q-factor and BER are estimated by using 
the Equation 6-1 and 6-2 [54][101][102] 
ª«  _`  10 logVV¬  (6-1) 
V­  12 	61 	 ®
ª
√2° (6-2) 
where V is the bandwidth of the photodetector, 17.5 MHz for this research and V¬ is 
the bandwidth of the receiver, which is 6 MHz. 
The relationship between SNR, Q-factor and BER are graphically illustrated as in 
Figure 6-4 and Figure 6-5.  The graph illustrated the BER under different SNR and Q-
factor for different bending angles, which is 30o, 45o and 60o bend for this case. 
As stated in Chapter 3, the expected BER for the system is between 10-4 up to 10-6, 
chosen based on the expected BER for the indoor environment.  Unfortunately, based 
on the estimated value, only the signal transmitted through 20 mm square aluminium 
tube could achieve the desired BER.  The study also shows that, for the diffuse channel, 
it is required to have less than 2 dB SNR, in order to achieve an acceptable bit error 
rate of 10-4.  For other tubes, the BER is between 10-18 up to 10-137 for SNR of 7.6 dB 
and 13.4 dB respectively.  The SNR is extremely large to produce a satisfactory BER 
set for the system. 
The minimum value of Q-factor calculated is 4.6 in 20 mm square aluminium tube at 
45o and 60o bend.  While the maximum value for Q-factor is 35.3 in circular galvanised 
aluminium at 30o bend.  Unfortunately, in practical, the least value of Q-factor that 
will allow an error-free system (BER of 10-9) is 6.  As expected, a higher values of Q-
 144 
 
factor has been obtained from the designed system. 
To obtain more accurate BER, the use of a bit error rate tester is advisable because it 
is a specific device used to measures the BER for a system.  The value obtained in this 
section is just an approximation based on the measured SNR. 
Generally, in this study, it could be observed that the three performance measures of 
SNR, Q-factor and BER is difficult to relate with each other and not uniquely related 
in terms of geometrical shapes and material of the tubes.  Thus, more accurate model 
needed in order to relate the SNR to the Q-factor and to the BER accurately. 
Table 6-22 summarizes the performance of the free space transmission and within the 
bent tubes.  Transmission at 500 kHz and 1 MHz showed error-free optical wireless 
communication in all the measurements, except for the transmission through both the 
circular and square mild steel tubes.  The transmission system using a frequency of 5 
MHz produces errors, even at the shortest distances (free space back-to-back 
transmission). 
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(a) 500 kHz 
 
(b) 1 MHz 
 
(c) 5 MHz 
Figure 6-4 relationship between BER and Q-factor. 
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(a) 500 kHz 
 
(b) 1 MHz 
 
(c) 5 MHz 
Figure 6-5 relationship between BER and SNR. 
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Table 6-22 performance summary 
 
 
30⁰ 
bend 
45⁰ 
bend 
60⁰ 
bend 
500 
kHz 
1 
MHz 
5 
MHz comments 
FREE SPACE  
Line-of-sight transmission at  
• Back-to-back 
• 1 meter distance 
   
 
√ 
√ 
 
√ 
√ 
 
X 
X 
Distortion occur at 1 meter distance, but still acceptable. 
STEEL TUBE  
C. Circular mild steel tube 
 (35mm Diameter) X X X X X X  
D. Square aluminium tube  
(40mm X 40mm) √ √ √ √ √ X  
E. Square aluminium tube 
 (20mm X 20mm) √ √ √ √ √ X Received signal get worst as the bending angle increased. 
F. Circular aluminium tube (20mm Diameter) √ √ √ √ √ X At 45⁰ and 60⁰ bend, distortion was detected but still 
considered as good receiving signal.  Better than E. 
G. Circular galvanised aluminium tube 
(35mm Diameter) √ √ √ √ √ X 
Received signal get worst as the bending angle increased.  
At 45⁰ and 60⁰ bend, distortion is detected but still 
consider as good receiving signal 
H. Square mild steel tube  
(40mm X 40mm) X X X X X X  
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PLASTIC TUBE  
B1    √ √ X  
B2    √ √ X  
B3    √ √ X  
B4    √ √ X  
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6.4 Conclusion 
In this chapter, the performance of the NLOS detected pulse signal characteristics 
under different tubes geometries have been presented based on the eye diagram 
analysis. Typically, principle operational functionality of the optical wireless for 
employment within a vehicular environment using a very short pulse has been 
successfully demonstrated, based on the 6 MHz system.  The pulse waveform received 
at the receiving end displays a ringing on the rising and falling edge, but the signals is 
still considered as a good receiving signal.  As this is not a concerned at this stage, the 
remainder of the study was adapted to cope with the ringing issue.  The opening of the 
eye pattern is the most concerned factor in this phase. 
Generally, a clear and wide opening of eye width for 500 kHz and 1 MHz pulse signals 
shows the possibility of error-free transmission of data for 40 mm square aluminium 
tube, 20 mm circular aluminium tune and 35 mm circular galvanised aluminium tube.  
Unfortunately, the eye pattern is almost closed for the 5 MHz pulse signal.  This shows 
that the transmission at a higher frequency reduces the signal quality, and other 
enhancement techniques should be considered in order to overcome this effect. 
Investigation on the SNR, Q-factor and BER focuses on 40 mm square aluminium 
tube, 20 mm circular aluminium tune and 35 mm circular galvanised aluminium tube.  
Higher SNR value were measured at 30o bend in circular galvanised aluminium tube 
and at 60o bend, most eye pattern are badly distorted.  The target BER parameter set 
for the study (10-4 to 10-6) were not successfully achieved for the transmission within 
the tubes except for the 20 mm square aluminium tube at smaller bending angle.  
Nevertheless, further improvement on the receiver sensitivity and proper BER 
measurement techniques are believed could improve the performance. 
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Thus, in order to keep the BER at below the expected value, a highly sensitive receiver 
need to be design.  Besides, a proper modulation scheme were required in order to 
improve the quality of the transmitted signal in terms of SNR and BER. 
Through observation of the eye pattern, the system works best in 20 mm square 
aluminium tube and acceptable for the galvanised aluminium tube.  An extremely high 
SNR detected for all other tubes, which yield to very small BER. 
In addition, the received signal quality got poorer when the bending angle, the 
distance/length and transmission frequency increased.  This was true for both plastic 
and metal tubes.  Furthermore, the link performance were also is limited by the 
capability of the designed system.  The obtained results could be used to obtain some 
estimate of the digital performance of the system. 
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Chapter 7 : Conclusions and future 
work 
7.1 Summary of the work 
Nearly exponential development of in-vehicle, embedded electronic frameworks has 
been seen all through the previous few decades.  The design, employment, 
organisation, and integration of such complex distributed systems bring new 
challenges for the intra-vehicular sector.  With this foundation, it is important to 
develop new procedures for capturing this necessity. 
Optical wireless communication offers attractive benefits over the wired and the RF 
wireless channel.  Thus, optical wireless communication can became a significant 
complement for the other communication systems.  It is still in the initial staged of 
exploration within the vehicular environment, but its application prospects are very 
attractive.   
This chapter concludes the thesis with main findings from the previous chapter 
considerations, and discussions. The main task of the work described in this thesis was 
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to study the optical wireless characterization for employment within a vehicular 
environment, aiming for the usage within the vehicle chassis in particular. 
Chapter 2 covers an optical wireless communication system and automotive network, 
which concentrates on the wired and wireless intra-vehicular networks that build up 
current passive and active interaction of vehicle domains.  The efficiency of those 
networks were also covered.  Research developments in optical wireless for vehicular 
applications also were discussed.  Based on an intensive literature review presented in 
Chapter 2, the prospective of implementing optical wireless systems within the 
vehicular environment was identified.   
Chapter 3 discussed in detail the hardware implementation that specifically designed 
for this project application, based on commercial off-the-shelf components.  The 
requirement sets were based on the intra-vehicular network bandwidth requirement 
and indoor optical wireless minimum requirement.  Based on the design system, 13 
MHz system with 15.6 dB SNR were obtained, achieving the estimated objective. 
Noise analysis that affects the system sensitivity of the circuit developed was also 
discussed. 
In Chapter 4, channel characteristics for LOS configurations within different kinds of 
environment were studied in detail.  The studies were focussed on the frequency 
response, the optical power and the path loss.  Wise alignment of the emitter and the 
receiver will ensure that LOS communications are able to support high transmission 
speeds.  The experimental results proved that the transmission was affected by the size, 
geometry and the reflection coefficient of the materials, in addition to other limiting 
factors such as the optoelectronic devices at the transmit end, and at the receiver itself.  
Hence, this part suggested that transmission using optical wireless communication 
technology within smaller in size and high reflection coefficient material are promising 
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in straight tubes, in addition to good transmitter and high sensitivity receiver.  While, 
the diffuse link with angled transmitter and/or receiver orientation, and bent tubes at 
different angles depends greatly on signal reflections on the inner surface of the tubes.  
This implies limits for the achievable data rate, and requires higher transmission 
power.  In detailed exploration in Chapter 5, it was certain that, in order to support 
angle transmission for NLOS configurations, a high power transmitter was required.  
Depending upon this power requirement, the circuits were further improved, by using 
an array of four IRLEDs, which produces 54.48 mW or 44.58 mW/cm2 output power.  
The findings shows that the channel characteristics have a great degree of sensitivity 
to the orientation and degree of rotation of the transmitter and receiver.  Good 
transmission is likely to occur within the tubes with transmitter or receiver orientation 
angle less than 15oand within a smaller diameter tube, in addition to high reflective 
coefficient tube properties.  There is a pronounced discrepancy between the frequency 
responses, optical received and path losses at different transmission angles in straight 
tubes and bent tubes.  The frequency response reduced drastically as the transmission 
angle increased, and the path loss increased as the bending angle increased.  The 
transmission within plastic tube are not as good as in metal tube as the plastic is not a 
good reflector and light rays are diffusely reflected in plastic.  The chapter also 
suggested that transmission within bend tube should use large inner diameter tube, as 
less number of reflection occurs in the tube, in addition to minimum bend angle.  Thus 
less / low SNR produces.  Finally, the most suitable material for the transmission is 
the circular galvanised aluminium or any material with high reflective coefficient 
properties. 
In Chapter 6, an interesting feature of this project was presented.  This chapter studied 
the eye pattern of the received signals within the metal tubes.  Generally, the 
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operational functionality of digital system has been successfully demonstrated based 
on 6 MHz system, although the targeted BER of 10-4 to 10-6 were not positively 
realised.  A clear and wide opening of eye width for 500 kHz and 1 MHz pulse signals 
shows the possibility of error-free transmission of data for 40 mm square aluminium 
tube, 20 mm circular aluminium tune and 35 mm circular galvanised aluminium tube.  
The received signal was good with the right combination between the size, geometry, 
bending angle and transmitter/receiver orientation.  The results also show that the 
transmission within smaller size metallic tubes gives promising outcomes.  In addition, 
transmission at 500 kHz and 1 MHz shows a feasible, error-free optical wireless 
communication. 
In conclusion, it is hoped these results have provided useful initial insights into the 
viability of implementing an OWC system in intra-vehicle applications.  Using IRLED 
within the tubes, the system demonstrates suitable channel characteristics for OW 
system deployment, not only for LOS configuration but also for NLOS configuration 
with the proper parameter combinations.  The experimental results presented in this 
thesis indicate that transmitting a signal wave within a tube is feasible. A highly 
sensitive receiver design were improved to keep the BER below the expected value, 
and a proper modulation scheme is also required in order to improve the quality of the 
transmitted signal in terms of SNR and BER.  The ideas, of course, do not end here.  
The results presented so far only incorporate the channel frequency response, power 
density and path loss. 
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7.2 Improvements and suggestions for further work 
The principle expectation of this research was to investigate the prospect for the 
transmission of automotive control signals utilising optical wireless channels and to 
study the characteristics of the transmitted signal through the confined spaces.  Overall, 
the various aspects of this research were addressed; and open up more opportunities 
for further work within each area discussed in this thesis. Some of the feasible extent 
for future work is concisely described here. 
Firstly, the extent of feasible modifications to transceiver required to improve the 
power and bandwidth limitations of the designed prototype are discussed.  This could 
be realised by using a detector with a wider FOV for better signal detection as well as 
using of optics aids (lens and concentrator).  Increasing the power by adding more 
IrLEDs in parallel could be one of the methods, but need to comply with the eye-safety 
requirement.  Further technical investigation needs to take place, in terms of hardware 
enhancement, in order to reduce the ringing/overshoot at the rising and falling edge of 
the received signal, and the duty cycle problems mentioned in Chapter 6. 
Secondly, in this thesis, relatively fundamental mathematical models have been evaluated, 
which covers the surface level only, based on the experimental results.  It could be better 
if the theoretical and simulation models could be considered as a comparison method for 
empirical results, and a better system model could be derived. Using these theoretical and 
simulation models, the accuracy of empirical models could be entirely evaluated. 
Another area for future research is evaluation by using real modulated signal 
manipulation in the digital domain for higher transmission capacity.  This will emulate a 
real environment.  
Future work should also aim to conduct similar procedures in other forms of open and 
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enclosed environments.  Thus, other experimental environments such as background 
noise, transmission within EMI environments, MIMO and so on, where more complicate 
impact factors are considered for the numerical and empirical analysis, could also be 
considered.  Empirical studies within more than one bent tube would also be useful.  
Lastly, a useful expansion is to explore, compare and contrast the various types of 
modulation schemes and transmission protocols, appropriate for real time applications. 
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Boonton Electronics Capacitance meter 
 
 
 
Ealing photometer 
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Thor Labs power meter with S314C sensor 
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Appendix C 
 
Calculation to estimate number of reflections in bent 
tubes based on Snell’s Law 
 
According to the above diagram, the first reflections within the tube are calculated as 
 20 mm tube 35 mm tube 40 mm tube 
Given 
 
b = 10 mm 
θ = 3° 
b = 17.5 mm 
θ = 3° 
b = 20 mm 
θ = 3° 
Thus, first 
reflection occur at 
sin   	10	%%  
∴   	10	%%sin3°  
 190	%% 
sin   	17.5	%%  
∴   	17.5	%%sin 3°  
 333.92	%% 
sin   	10	%%  
∴   	20	%%sin 3°  
 381.62	%% 
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Example calculation for 20 mm tube at 30° bend 
•  
Figure 7-17 Determination of the number of reflections in bent tube. 
 
  180° − 6i	76 − Q²­³	ℎ71	76 
  180° − 30° − 3°  147° 
 
?   − 90°  147° − 90°  57° 
 
tan?  	 7	6	i´%6	6 
∴ 7  	6	i´%6	6
tan?
  20	mm
x	tan	57°
  3.08	 %  
 
Thus, the number of reflections in 20 mm tube are estimated as 
∴ !	!1	6176 	´!"  	 76	ℎ	!1		627  	
50	 %
2		3.08 %
  8.11	6176 	´!" 
